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Preface 

The reports found on t h e  fo l lowing  pages r e p r e s e n t  t h e  

research effor ts  a t  t h e  Bone Measurement Laboratories of t h e  

Un ive r s i ty  of Wisconsin du r ing  the  pas t  year .  W e  are pleased 

t o  have bEen j o i n e d  by Dr. John M. J u r i s t  i n  September, 1968. 

Some of t h e  reports by Dr. J u r i s t  r e p r e s e n t  work which was 

started a t  t h e  Un ive r s i ty  of C a l i f o r n i a ,  L o s  Angeles. 

Research s u p p o r t  for t h e  bone measurement l a b o r a t o r i e s  

comes from a v a r i e t y  of sources ,  these are: United States 

A t o m i c  Energy Commission through Cont rac t  AT(l1-1)-1422, t h e  

Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  throughlGrant  

Y-NCR-50-002-051, t h e  U n i v e r s i t y  of Wisconsin (Funds 101-9301 

and 101-9302), t h e  NASA I n s t i t u t i o n a l  Grant  t o  t h e  Un ive r s i ty  

of Wisconsin Graduate  School, and t h e  NIH I n s t i t u t i o n a l  Grant 

t o  t h e  U n i v e r s i t y  of Wisconsin Medical School. Because of 

t h e  i n t e r l o c k i n g  n a t u r e  of t h i s  suppor t  it w a s  decided t o  

i n c l u d e  a l l  reports i n  a s i n g l e  volume. 

Some of t h e  r e c i p i e n t s  of t h i s  volume may be i n t e r e s t e d  

i n - e a r l i e r  reports from o u r  l a b o r a t o r y  and a list of these 

w i l l  be found a f te r  the table of c o n t e n t s  together w i t h  a 

list of papers t h a t  have been publ i shed  i n  t h e  open l i t e r a t u r e ,  

Copies of some of these reports  and pape r s  ara st i l l  available,  

T h i s  research has obviously involved q u i t e  a f e w  people  

as i n d i c a t e d  by t h e  au tho r s  of the  v a r i o u s  reports.  I would 

l i k e  t o  thank a l l  of these i n d i v i d u a l s  for  t h e i r  coope ra t ion  

and for t h e  s t i m u l a t i o n  I have received working w i t h  them. 
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I a lso want t o  acknowledge w i t h  thanks  t h e  he lp  of M r s ,  

Freida Binder who w a s  a t e c h n i c i a n  i n  o u r  laboratories 

dur ing  t h e  past y e a r  and who has  now r e t u r n e d  t o  Vienna, 

A u s t r i a .  Mrs. Binder  was most h e l p f u l  i n  ou r  research and 

w e  w i l l  m i s s  her.  

W e  a lso wish  t o  acknowledge the  help and coope ra t ion  

of t h e  s taff  of t h e  fo l lowing  i n s t i t u t i o n s :  
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SUMMARY OF DATA ON THE BONE MIN OF RADIUS I N  NORNIALS 

by John R .  Cameron 

The fo l lowing  graphs  and t a b l e s  p r e s e n t  summaries of d a t a  

on normal ind iv idua  s measured i n  t he  Un ive r s i ty  of Wisconsin 

Bone Mineral  bo ra to ry  f r o m  the p e r i o d  31965-March 1969 

Although we have m e  r i e t y  of bones, these d a t a  a r e  

a l l  fo r  t h e  r a d i u s  mear midshaft  and e s s e n t i a l l y  a l l  of them 

were f o r  the l e f t  arm. We f e e l  these d a t a  may be of i n t e r e s t  

t o  o t h e r  groups us ing  t h e  same t echn ique .  I t  should  be noted  

t h a t  a l l  of these d a t a  a r e  for w h i t e s ,  w e  have r e l a t i v e l y  l i t t l e  

in fo rma t ion  on o t h e r  races. 

S ince  these d a t a  were collected over  a number 9f y e a r s ,  

v a r i o u s  i n d i v i d u a l s  have c o n t r i b u t e d  t o  t h i s  summary, These 

a r e :  James A .  Sorenson, Richard B. Mazess, John M. J u r i s t ,  

P h i l i p  F. Judy, Robert M. W i t t ,  E v e r e t t  L. Smith,  Joyce Clark  

F i s c h e r ,  Mira Binder ,  Kianpour Kianian,  Matt Weber, A l i  R a f f i i ,  

Siva Suntharal ingam, and Frances  L ine  We wish t o  express our 

thanks  t o  these i n d i v i d u a l s .  
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BONE STANDARDS 

Robert M .  W i t t  and John R e  Cameron 

Roentgenographic systems q u a n t i t a t i v e l y  determine bone 

minera l  i n  vivo by coinparing t h e  o p t i c a l  d e n s i t y  of t h e  roent -  

genographic image of a bone to t h e  image of a r e f e r e n c e  s t ep -  

wedge. S ince  t h e  method of exposing and developing t h e  f i l m  

can vary s i g n i f i c a n t l y ,  even under r i g i d  s t a n d a r d i z a t i o n ,  

these s y s t e m s  need t o  expose t h e  bone r e f e r e n c e  s t a n d a r d  w i t h  

each  roentgenograph ( 1 , 2 , 3 ) .  Unlike t h e  roentgenographic  

systems,  t h e  p h y s i c a l  n a t u r e  of t h e  technique  t o  dstermine 

bone mine ra l  i n  v i v o  developed by Cameron and Soranson a t  t h e  

Un ive r s i ty  of Wisconsin (4 ,5)  does n o t  need t o  c a l i b r a t e  i n d i -  
I 

v idua l  measurements. The bone mine ra l  is determined by measuring 

t h e  t r a n s m i s s i o n  of a monoenergetic photon beam throxgh t h a  b o x  

i n  a c o n s t a n t  t h i c k n e s s  of s o f t  t i s s u e  or s o f t  t i s s u e  e q u i v a l e n t  

m a t e r i a l  w i t h  a s c i n t i l l a t i o n  detector. The amount of bone 

mine ra l ,  m i n  t h e  p a t h  of t h e  photon beam is re la ted  t o  t h e  

t r ansmiss ion  count  r a t e s  accord ing  t o  t h e  fo l lowing  equa t ion :  
B' 

m = pB I n  B / pB 'S 
* 

where,  Io = t r ansmiss ion  coun t s  through c o n s t a n t  t h i c k n s s s  
of s o f t  t i s s u e  

I = t r ansmiss ion  coun t s  through bone and s o f t  t i s s u e  

= m a s s  a t t e n u a t i o n  c o e f f i c i e n t  of compact bone 

= m a s s  a t t e n u a t i o n  c o e f f i c i e n t  of s o f t  t i s s u e  

= d e n s i t y  of compact bone 

= d e n s i t y  of s o f t  t i s s u e .  

PB 

pB 

p s  

Since  t h e  photon beam is monoenergetic,  t h e  mass a t t e n u a t i o n  

c o e f f i c i e n t s  a r e  c o n s t a n t ,  and t h e  amount of bone minera l  can 
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be w r i t t e n  a s :  

m B = c I n  (I:/I) (2 1 

w h e r s  C is a c a l i b r a t i o n  c o n s t a n t  which can be determined 

from handbook v a l u e s  assuming a known eonpos i t i on  of t h e  bone 

and s o f t  t i s s u e .  The c o n s t a n t  C can  a l so  be o b t a i n e d  expe r i -  

men ta l ly  by measuring bone samples and a s h i n g  thsm t o  determine 

t h e  m a s s  of bone minera l .  Ths q u a n t i t y ,  m g i v e s  t h e  m a s s  of 

bone m i n e r a l  i n  t h e  beam a t  t h e  measuring p o i n t .  If t h e  beam 

is scanned across t h e  bone, m can be i n t e g r a t e d  t o  g i v e  mass 

of bone mine ra l  p e r  u n i t  l e n g t h  of bone i n  u n i t s  of  g/cm. 

B’ 

B 

With  t h i s  s y s t e m  a bone s t a n d a r d  is n o t  necessaf-y f o r  

c a l i b r a t i o n  purposes ,  bu t  i t  can  be u s e f u l  t o  h e l p  detect 

s y s t e m  errors. Some of these errors which  may tend  t o  change 

t h e  measured bone m i n e r a l  are: 

1. 

2. 

3. 

4.  

5 .  

6.  

spectral  changes i n  t h e  soo rca  due t o  f i l t r a t i o n  
or contaminat ion  

changes i n  t he  a m p l i f i e r  g a i n  of t h e  a n a l y z e r  

changes i n  t h e  s e t t i n g s  of t h e  lower l e v e l  and 
window of t h e  a n a l y z e r  

errors i n  t h e  coun t ing  t i m e  

v a r i a t i o n  i n  scanne r  d r i v e  speed 

v a r i a t i o n  of t h e  s c a n  speed i n  d i f f e r e n t  d i r e c t i o n s  
for r e v e r s i b l e  s canne r s .  

If a s u i t a b l e  bone-like material could  be found, t h e n  such a 

material  conld  s e r v e  a s  a g e n e r a l  s t a n d a r d  fo r  t h e  c a l i b r a t i o n  

and t h e  i n t e r c o x p a r i s o n  of systems loca ted  i n  d i f f e r e n t  labora-  

tories. 

Various materials have p rev ious ly  been used a s  a bone 

r e f e r e n c e  s t a n d a r d  a t  t h e  U n i v e r s i t y  of Wisconsin. These a r e :  
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a calcium carbonate  (42%) and p a r a f f i n  (58%) mixture ( 6 ) ,  a 

bone ash-muscle e q u i v a l e n t  p l a s t i c  mixture  (7), and a n  alusinum 

tube of t h e  approximate dimensions of an  a d u l t  r ad ius .  The 

calcium ca rbona te -pa ra f f in  mixture  d i d  n o t  have an  a t t e n u a t i o n  

which resembled coapact bone and a l so  had s izeable  po in t - to -po in t  

v a r i a t i o n s  because of nonuniformity . The bone ash-muscle equiva- 

l e n t  p l a s t i c  m a t e r i a l  was appa ren t ly  i n e r t  and aasy  t o  inachine; 

however, t h e  l a r g e  amounts of bone a s h  necessary  t o  s i m u l a t e  

t h e  composi t ion of compact bone could no t  be uniformly mixed 

i n t o  t h e  p l a s t i c  ( 7 ) .  F i n a l l y ,  t h e  aluminum tube ,  which  is very 

convenient  and uniform and p r e s e n t l y  s a r v e s  a s  one o f t o u r  s t an -  

dards ,  is u n s a t i s f a c t o r y  s i n c e  i t  is n o t  s imi la r  t o  coanpact bone. 

A bone s t a n d a r d  m a t e r i a l  should  p r e f e r a b l y  have t h e  same 

l i n e a r  and mass a t t e n u a t i o n  c o a f f i c i e n t s  a s  compact bom i n  t h 3  

energy range  of i n t e r e s t  (20-100 keV). T h i s  imp l i e s  t h a t  t h e  

p h y s i c a l  d e n s i t y ,  e l e c t r o n  d s n s i t y ,  and chemical c o x p o s i t i o n  

are s i m i l a r  t o  cospac t  bone. The material should  be s t a b l e  a t  

rooin tempera ture ,  s imple t o  produce from commercially a v a i l a b l e  

s u p p l i e s ,  and easy t o  fabr icate  i n t o  phantoms g e o n e t r i c a l l y  

s i m i l a r  t o  human bong. I t  should  be able  t o  wi ths t and  normal 

handl ing  and shipment.  

S ince  bone is composed of  t w o  t ypes  of material, o r g a n i c  

and i n o r g a n i c ,  i t  is convenient  t o  zons ide r  a t w o  coxpomnt  bone 

e q u i v a l e n t  material. Cornpact bone has a c o s p o s i t i o n  by weight  

of approximately 65% i no rgan ic  (hydroxyapat i te )  and 35% organ ic  

( co l l agen) .  A bone e q u i v a l e n t  material can  be ob ta ined  by 
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mixing i n  t h e  above p r o p o r t i o n s  t w o  subs t ancas  which ind iv id -  

u a l l y  resemble hydroxyapat i te  and co l l agen .  Water is s imi l a r  

t o  t h e  l a t t e r  s i n c e  i t  has  a lmost  t h e  same d e n s i t y  and a t t e n u -  

a t i o i  p r o p e r t i e s  a t  a l l  photon s n p r g i e s  a s  co l l agen .  The 

ino rgan ic  component is n o t  a s  e a s i l y  i m i t a t e d .  Even thollgh 

hydroxyapat i te  is widely assumed t o  be t h e  ino rgan ic  bong3 

c r y s t a l l i n 2  material, s e v e r a l  calcium c o n t a i n i n g  compoands have 

been sugges ted :  

1. ca rboQa te -apa t i t e  Ca10(P04)6*C03 

2. t r i c a l c i u m  phosphate hydra t e ,  Cag(P04)6.(H20)2 

3. hydroxyapa t i t e ,  Ca (PO4) (OH) 2- I 
10 

Any of t h e  above coa ld  be used t o  s i m u l a t e  t h e  mine ra l  

component s i n c e  they  a l l  have approximately t h e  observed molar 

Ca:P r a t io  of aboa t  1.67. Obta in ing  a material w i t h  a Ca:P r a t i o  

near  t h i s  va lue  is impor tan t  s i n c e  calcium and phosphoro:is a r e  

t h e  t w o  l a r g e s t  c o Q t r i b u t o r s  t o  t h e  m a s s  a t t e n u a t i o n  c o s f f i c i e n t  

of compact bone a t  low e n e r g i e s  (E < 30 keV), Table 1. Unfortu- 

n a t e l y  a l l  three of these C a  c o n t a i n i n g  s a l t s  a r e  p r a c t i c a l l y  

i n s o l u b l e  i n  wa te r  ( 8 , 9 ) .  Dipotassium hydrogen phosphate,  

K 2 H P 0 4 ,  a s a l t  which  p rev ious ly  has been used  by Meema as a 

c a l i b r a t i o n  stepwedge ( l o ) ,  is a p o t e n t i a l  s u b s t i t u t e  f o r  t h e  

bone mine ra l  s a l t .  S ince  t h e  atomic number of potassium is 

only one less than  t h a t  of calcium, t h e  p h o t o s l e c t r i c  a b s o r p t i o n  

of t h e  t w o  s l emen t s  w i l l  be ve ry  s i m i l a r .  The K : P  r a t i o  is 

2 .0  which is close t o  t h e  Ca:P r a t i o  of 1.67 i n  boqe. Moreover, 

s i n c e  t h e  e f f e c t i v e  Z 
-* 

of K 2 H P 0 4  is 15.59 and t h a t  of hydroxy- 

+ ...... * 5 2.94% 2.94 2.94 2 .94  
= g p 1  + gzz2 + g3z3 
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a p a t i t e  is 15.86, t h e  former should  a t t e n u a t e  x-ray photons 

n e a r l y  l i k e  t h z  minera l  i n  bane. 

more s o l u b l e  i n  water than  any of t h e  above calcium s a l t s .  

F i n a l l y ,  K2HP04 is much 

Th i s  r e p o r t  d i s c u s s e s  t h e  characteristics of a l i q u i d  bono 

e q u i v a l e n t  mater ia l  csmposed of  K HP04  i n  water. 2 
S o l u t i o n s  coinposed of d i f f e r e n t  amounts of anhydrous 

K2HP04 i n  water  were measured t o  f i n d  a c o n c e n t r a t i o n  t h a t  

most resembled conpact  b o w .  The a t t e n u a t i o n  c o s f f i c i e n t s  

and p h y s i c a l  d a n s i t i e s  were measured f o r  c o n c e n t r a t i o i s  ranging  

from 118g t o  160g of K2Hm4 per  100 m l  of water. 

c o i c e n t r a t i o n  is e s s e n t i a l l y  t h e  s o l u b i l i t y  l i m i t  of  K2HFQ4 

i n  water  a t  2OoC (11). 

Tho maximum 

The a t t e n u a t i o n  c o s f f i c i e n t s  fo r  t h e  

most c o i c e n t r a t e d  s o l u t i o n  were measured w i t h  bo th  Am-241 

(59.7 keV) and 1-125 (27.4 keV) photon sources .  The p h y s i c a l  

d s n s i t i e s  were ob ta ined  by determining t h e  mass of a known 

volume of t h e  s o l u t i o n .  

For both  e n e r g i e s ,  t h e  mass a t t e n u a t i o n  c o s f f i c i e n t s  of 

t h e  s o l u t i o n  .were belo-u the v a l u e s  for  compact bone c a l c u l a t e d  

by S p i e r s  (12) ,  Table  2. For 1-125 t h e  m a s s  a t t e n u a t i o n  

c o e f f i c i e n t  w a s  11% l o w  and for Am-241 it  w a s  6% low. Th;3 

s o l u t i o n ' s  p h y s i c a l  d e n s i t y  is 1.72 g/cm3 which is less  than  

t h e  g e n e r a l l y  accep ted  value for compact bone (1.80-1.95 g/cm ) e  

3 

I t  is u n f o r t u n a t e  t h a t  t h e  s o l u b i l i t y  l i m i t  dos s  no t  permi t  an  

i n c r e a s e  of K2Hm4 which would tend t o  zorrect  t h a  a t t e n u a t i o n  

c o e f f i c i e n t  a s  w e l l  as t h e  d e n s i t y .  

Froin S p i e r s  (12) t h e  m a s s  a t t e n u a t i o n  c o s f f i c i e n t  fo r  any 
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cornpact 

where p. 

bone can be w r i t t e n  as:  

- p . / p = n ( o  o e  

= mass a t t e n u a t i o n  c o e f f i c i e n t  m 

(3) 

p. = l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  

= d e n s i t y  

n = number of e l e c t r o n s  pe r  gram i n  compound 
0 

X = photon .wavelength 

CJ = ComptoQ s c a t t e r  a b s o r p t i o n  c o s f f i c i e n t  p e r  e l e c t r o n  e 
-26 k = 2.64  x 10 . 

Assuming t h a t  a t  loa e n e r g i e s  (E < 50 keV) t h e  photoelectric 
b 

cross s e c t i o n  is much larger t h a n  t h e  Compto? cross s e c t i o n ,  t h e  

mass a t t e n u a t i o n  c o a f f i c i e n t  a t  a c o n s t a n t  energy depends o i l y  on 

t h e  e f f e c t i v e  atomic number of t h e  material and becomes: 

where C = no k A3. 

U s i n g  t h e  f r a c t i o n a l  composi t ion g iven  i n  Table 3, t h e  

e f f e c t i v e  atomic number fo r  t h e  s o l u t i o n  is 13.34. S u b s t i t u t i n g  

t h i s  v a l u e  fo r  2 i n t o  e q u a t i o n  4 ,  t h e  pm for  t h e  K2HP04 s o l u t i o n  

f a l l s  11.3% belo-u t h e  v a l u e  of pm ob ta ined  w i t h  S p i e r s  va lue  for  

of 13.9 for  compact bone (12). This  pe rcen t  d i f f e r e n c e  agrees 

w i t h  ' the  pe rcen t  d i f f e r e n c e  between t h e  c a l c u l a t e d  pm f o r  colnpact 

bone and t h e  measured pm fo r  t h e  K2HP04 s o l u t i o n  a t  energy 27.4  

keV. Thus, t h e  s o l u t i o n ' s  lower mass a t t e n u a t i o n  c o e f f i c i e n t  

can  be a t t r i b u t e d  completely t o  its lower e f f e c t i v e  a tos i c  number. 

Mass a t t e n u a t i o n  c o e f f i c i e n t  measurements were mads OQ 

f o u r  bovine cor t ical  femur slabs.  These v a l u e s  a r e  2% above t h e  
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K HP04 s o l u t i o n  a t  59.7 keV and 3*4% high  a t  27.4 keV. 

A coinparison of t h e  m a s s  a t t e n u a t i o n  coc2ff ic ients  

t h i s  mater ia l ,  c a l c u l a t e d  a t t e n u a t i o n  c o s f f i c i e n t s  f o r  

2 
fo r  

ICRU 

bona (13), S p i e r s  bone (12) ,  and aluminum (13) are g iven  i n  

F igure  1. 

The K2HP04 s o l u t i o n  has  a number of advantages:  i t  is 

s t a b l e  i n d e f i n i t e l y  a t  room tempera ture  (2OoC), i t  can be 

made r ep roduc ib ly  f r o m  commercially a v a i l a b l e  chemical s tock ,  

and it  produces a uniform mixture .  A l i q u i d  bone s t a n d a r d  

has t h e  d isadvantage  t h a t  i t  must be enc losed  i n  a leak-proof 

c o n t a i n e r  and, of cour se ,  i t  is n o t  machineable.  
I 

Assuming a s imple  c y l i n d r i c a l  model fo r  t h e  sha f t s  of 

t h e  long  bones, phantoms were c o n s t r u c t e d  from three tele- 

scoping  a c r y l i c  p l a s t i c  (methymethacrylate) ex t ruded  t u b e s ,  

Figure 2.  The t u b e s  were bonded t o g e t h e r  w i t h  e thy ld ihydro -  

chorase. The c a v i t y  formed is water t i g h t .  A 2-56 machine 

screw throxgh a threaded hole  i n  t h e  o u t e r  tube  w a l l  s e r v e s  

a s  a f i l l e r  cap.  An i n j e c t i o n  s y r i n g e  is used t o  f i l l  or 

empty t h e  phantoin. The p h a n t o m  were designed f o r  t h e  

Cameron-Sorenson t y p e  measuring s y s t e m  and must be scanned i n  

a water ba th  of c o n s t a n t  t h i c k n e s s  t o  s i m u l a t e  t h e  c o n s t a n t  

s o f t  t i s s u e  cover  necessa ry  for t h i s  t echnique .  

Two d i f f e r e n t  r a d i u s - s i z e  phantoms have been c o n s t r u c t e d ;  

one a d u l t  male size and t h e  o ther  a n  a d u l t  female s ize .  The 

conver ted  mine ra l  c o n t e n t  and w i d t h  f o r  t h e  male s ize  r a d i u s  

phantom is q u i t e  close t o  t h e  average v a l u e s  fo r  these para- 

meters for  t h e  20-29 y e a r  m a l e  age group,  Table  4. Both  t h e  

bone mine ra l  and t h e  w i d t h  l i e  w i t h i n  one s t a n d a r d  d e v i a t i o n  
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of th3ir respective means for this age group. 

The female phantom has a "thin cortex" and is over three 

standard deviations below the mean value for the 20-29 year 

female age group, but it is typical of values found in osteo- 

porotic wonen over age 6 0 .  The bone diameter lies within one 

standard deviation of tha mean for both age groups. 

Preliminary rasults for the K2Hm4 liquid phantom indicate 

that its reproducibility is better than our system limit of 2%. 

These results agree with the long term raproducibility of an 

earlier phantom containing a tripotassium phosphate in water 

with a similar solution concentration. This phantom'had percent 

standard deviations of 1.47 for the mineral content and 1.88 for 

the width for 49 different measurements made over a six month 

period. 

Conclusion ---- 
Dipotassium hydrogen phosphate dissolved in water can be 

used as a bone equivalent material for coinpact bone. The 

effective atonic number of the K2HP04 solution is slightly less 

than the effective atoinic number of conpact bone, and the solu- 

bility limit of K2HP04 in water doas not permit increasing the 

concentration. Thus, the K H P 0 4  solution reprassnts "demineral- 

ized compact bone". 
2 

** 
A number of phantoms have been constructed and will be 

sent to the various laboratories which measure bone mineral 

in vivo with the direct photon absorptionetric systems. Such 

an intercomparison study should reveal any differences between 

** A new supply of commercial tubing has been found which is 
available in more sizes. It is manufactursd by Plastruct 
Inc., Los Angeles, California. 
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scanning and data processing techniques and could also s e r v e  

as a coimon calibration of the systems in the different labora- 

tories in units of grams per centimeter of K 2 H W 4 .  

continue on the interlaboratory comparison study and the 

development of a trabecular or cancellous bone standard. 

Work will 
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Element 

H 
C 
N 
0 

Mg 
P 
S 
K 

Ca 

TABLE 3 - Fractional Composition 
A Compact Bone 

(femur ) 
ICRU 

.064 
278 
,027 
.410 
.002 

.070 

.002 

B Dipotassium 
hydrogen phosphate 
(1.6 K 2 H W 4  to 1.0 HZQ) 

.047 
---- 
-I-- 

.568 



TABLE 4 - Comparison of Phantom to Normal Data 

Age Group 

20-29 +o 
60-69 +o 
Phantom o + 
20-29 d' 

Phantom d 

Bone Mineral 
g / c m  

0.94 + 0.11 
0.80 + 0.15 

0.57 

- 
- 

1.29 + 0.17 
1.25 
- 

Diameter 
cm 

1.23 + 0.12 
1.25 + 0.16 

- 
- 
1.25 

1.48 + 0.14 - 
1.58 



I I I 

Compact bone (Spiers , 1946 1 
KzHP04 in H20 ratio 1.6 to1.0 

Aluminum (Evans, 1968) 

I C R U  Compact bone (Evans,1968) 

1 I I I 
.O e e e 08 Oe I 

F i g .  1 ,  Logrithm of the  mass a t t e n u a t i o n  v e r s e s  energy for 
various  m a t e r i a l s .  x coapact  bone c a l c u l a t e d  by S p i e r s  
( 1 2 ) ,  A KZHPO i n  water mixed i n  a r a t i o  of 1 . 6  to 1 . 0 ,  

0 aluminum and a conpact bone w i t h  ICRU composit ion 

--- 

4 

c a l c u l a t e d  and tabula ted  i n  Evans (13) - 



A 

Drill and top I-hole for 2- 56 M.S. 

/ 

---I--#- I +- I 

C 

M A T E R I A L :  EXTRUDED ACRYLIC PLASTIC TUBING. INNER AND OUTEFI 

TUBES 1/16" WALLS,SPACER TUBES I/IG"AND l/8" WALLS 

1 PHANTOM DIMENSIONS 

I M A L E  I F E M A L E  I 

I  LENGTH^ D - 3" I "3' 

IOUTER TUBE I 3/4"0.D. I 5l8'O.D. 

I INNER TUBE I 3/8" 0.0. I 3/8"O.D. 

F i g .  2 ,  Drawing of t e l e s c o p i n g  tube phantom and t a b l e  of 
dimensions for both male and female a d u l t ,  r a d i u s - s i z e  
phantom.  
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1 

Skeletal status can be evaluated from bone mineral content 

and bone elasticity measurementso We have developed instrumentation 

for bone mineral measurement by monoenergetic photon absorptiometry, 

Bone elasticity is measured by determination of the speed of sound 

in bone a 

Comparison of absorptiometric mineral measurements with ash 

weights determined on autopsy specimens demonstrated an accuracy of 

203%; the reproducibility on living subjects over many months is 
8 

1-2%. 

We are investigating measurement of the speed of sound in bone 

by timing ultrasound or mechanical impulse propagation, measurement 

of vibrational phase shift per unit length of bone, determination 

of "ringing" frequency after a short duration impulse, and measurement 

of resonant frequency by recording amplitude as a function of 

frequencyo Repeated ulnar resonant frequency measurements indicate 

a precision of 2-49.. 

The above techniques are suitable for evaluation of skeletal 

status before, during, and after space flight. 
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Introduction 

Measurement of bone mineral content and bone elasticity can 

provide information on skeletal status. 

developed instrumentation for the measurement of bone mineral 

content by monoenergetic photon absorptiometry, 

developing techniques for determination of skeletal elasticity 

-- in vivo by means of speed of sound measurements in bone. 

Our laboratory has 

We are now 

t - Photon Absorptiometry 

Development of the absorptiometric method started in our 

laboratory in 1959 following unsuccessful attempts to accurately 

measure bone mineral content with conventional X-ray films and an 

optical densitometer. 

photodensitometry technique were unsatisfactory for three reasons: 

The results obtained by use of the radiogrqphic 

1. 

2, 

3. 

The spectrum of the heterogeneous X-ray beam changed in 

passing through tissue, with softer components being 

absorbed preferentially. 

An undetermined amount of scattered radiation struck the 

film from surrounding soft tissues, affecting the bone 

image. 

Film was a poor detector because variations in development 
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affected r e s u l t s o  Also, f i lm has a nonlinear response t o  

both rad ia t ion  in t ens i ty  and energy. 

The improved method3s5 overcame these problems i n  the following ways: 

1. An essent ia l ly  monoenergetic photon source was used. 

Originally we used 210Pb (46.7 keV) and later w e  used 

1251 with a t i n  f i l t e r  (27.4 keV) or 241Am (59.6 keV). 

2. Scattered rad ia t ion  was essen t i a l ly  eliminated by using a 

w e l l  collimated beam and detector. 

The f i lm was  replaced by a s c i n t i l l a t i o n  detector system. 3. 

The basic  pr inciples  of t h i s  method are i l l u s t r a t e d  i n  Figure 1. 

The bone mineral mass (%) a t  any point i n  the  path of the  photon 

beam is  proportional t o  ln(Io/I)  when the  bone is imbedded i n  a 

uniform thickness of t issue.  

in tens i ty  of t he  beam through a point of t he  bone (I) and through 

the s o f t  t i s s u e  adjacent t o  the  bone (Io). 

proport ional i ty  can be calculated from tabulated values of 

absorption coef f ic ien ts  since a s ing le  w e l l  defined energy is  usedo 

Alternatively,  the  proport ional i ty  constant may be determined 

experimentally. 

beam as it passes through the  bone and surrounding t i s sueso  

uncertaint ies  i n  absorption coef f ic ien ts  are avoided. 

the  X-ray beam used for radiographic photodensitometry has a 

* 

!&e measured quant i t ies  are the  

* 
The constant of 

Mote t h a t  there  i s  no hardening of t he  monoenergetic 

Thus, 

I n  contrast ,  



4 

continuous, and poorly reproducible, energy spectrum. This leads 

to uncertainties in the absorption coefficients; the problem is 

exacerbated by beam hardening, 

The limb containing the bone of interest is surrounded by a 

soft tissue equivalent material in order to simulate a uniform 

tissue thickness around the bone (Figure 2), 

or Super Stuff to work well. The source and detector are 

mechanically linked and move slowly (about 1 mm/sec) across the 

limb (Figure 31, 

absorption characteristics of the material in the beam scan path. 

In order to determine the mineral mass across the bone, it is . 

necessary to integrate % across the bone. 
graphically, but it is usually more convenient to take measurements 

at fixed intervals across the bone and then to use computer analysis. 

We found either water 
* 

m e  measured beam intensity depends upon the 

This can be done 

Figure 4 illustrates absorptiometric records obtained with different 

photon sources on the same subject. 

Our method has been evaluated by measuring bones of different 

size 4,16 The ash weight of standard sections cut from the bone at 

each measuring site was compared to the absorptiometric measurement 

of bone mineral, We found a very high correlation (r more than 0.98) 

* Available from am-0 Corporation, San Gabriel, California, or 
local toy storese 



5 

between ash weight and measured bone mineral content; the error of 

measurement was less than 3% (Figure 5 ) e  Varying the amount and 

kind of "'tissue cove I' has little effect on the bone mineral 

measurement. 

reproducible over periods of many monthso Typically, the 

measurement precision is on the order of 1-290, but this can be 

improved by scanning several times at a single location and 

calculating the mean. 

We have also determined that this method is very 

Our method is now routinely used at the University of Wipconsin 

More than a dozen for measurements on patients and normal subjects. 

other medical centers have adopted thfs method of skeletal evaluation. 

Measurement of the Speed of Sound in Bone 

It is well known that the speed of sound in a material is 

related to both elasticity and density.13 

speed of sound propagation in bone offers a possible estimate of 

bone elasticityo 

Thus, measurement of the 

Our laboratory is investigating the measurement of the speed 

of sound in the ulna, tibia, clavicle, mandible, and calvarium. We 

are using the following approaches: 

1. Timing of impulse propagation along the bone. If two 



6 

vibrat ion t ~ a ~ s d u c e  s (accelerometers) a re  strapped t o  a 

eed of sound can be obtained by measuring 

rval wh8ch & apses during passage of a short  

duration mechanic u l s e  between the  transducerso 

the  speed of ultrasound propagation along 

be measuredo The la rge  at tenuat ion of 

ultrasound i n  bone makes t h i s  approach d i f f i c u l t .  

Measurement of the  phase s h i f t  per u n i t  length of bone f o r  

I f  a long bone such,as the  

2. 

a t i ana l  frequenciese 

ulna is  exc8ted a t  one end by a sinusoidal vibrat ion of 

known frequency, the  r e l a t i v e  phase difference between the 

outputs of two accelerometers placed on the  bone, divided 

by the distance between the transducers, i s  proportional 

t o  the  speed of sound i n  the  bone. 

3. Measurement of resonant frequency, The product of resonant 

frequency and length of a long bone i s  proportional t o  the  

speed of sound 

measurement of 

Figure 6, e 

i n  the  b m e p  ',12 

resonant frequency i n  vivo' is  shown i n  

Apparatus used f o r  

t frequency i s  obtained from a 

recording of the  i tude  response as a function of 

On repeated resonant frequency 

here i s  a standard deviation of 294%; the  
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10 var ia t ion  can be reduced by averaging several  measurements. 

Determination of ulnar  resonant frequency has been used f o r  

11 cal invest iga ions with promising r e su l t s s  

4, Measurement of the  ringing frequency of the  bone after 

application of a short  duration impulse (Figure 8), 

ringing frequency is closely related t o  the  resonant 

frequency. 

The 

Discussion I 

7 Bone loss during manned space f l i g h t  poses two major hazards: 

1. Ectopic ca l c i f i ca t ion  (especial ly  i n  t h e  kidney) may occur 

i f  mineral mobilization i s  rapid o r  prolonged, 

Severe bone loss w i l l  compromise s t ruc tu ra l  i n t e g r i t y  of 2, 

the  skeleton. 

The danger of kidney stone formation is  aggravated by dehydration. 

Dehydration has been reported on several previous flights.’ Bone 

loss resu l t ing  fr 

during stress; fraceures could occur during re-entry deceleration 

or i n  the  subsequent post-f l ight  period i f  bone loss  i s  i r revers ib le ,  

prolonged weightlessness may lead t o  f rac tures  

There are several possible methods of t r ea t ing  ske le t a l  changes 

during space f l igh t .  M o d i f i e ~  physical ac t iv i ty ,  changes of d i e t ,  
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or medication may be required, However, the decision t o  use these  

procedures should be based on re l iab le  in-flight monitoring of t h e  

skeletonc 

e l a s t i c i t y  afford convenient in-fl ight monitoring of these c r i t i c a l  

parameters, and would allow therapeutic action t o  be taken, 

Direct photon absorbi&iometry and measurement af bone 

Investigators using a quantitative radiographic method for  

bone evaluation have reported loss  of bone mineral during orb i ta l  

f l ight.  14,15 

however, since the radiographic technique used on astronauts is  

The t rue  extent of t h i s  bone loss  remains unknown, 

re la t ively inaccurate (20030% error) and imprecise and therefore 

cannot re l iably measure small changeso ',17 Recent advances i n  

radiographic photodensitometry may reduce the error  t o  less than 

lo%,' but i n  any event radiography can not be conveniently used for  

in-flight skeletal  monitoring sinbe the equipment is  bulky, and 

data would not be available u n t i l  a f t e r  the films were processed. 

Photon absorptiometry and bone resonant frequency measurement 

overcome these d i f f icu l t ies ,  

The advantages of the techniques we suggest are summarized as 

f 01 lows : 

1. They are  highly precise and accurate. The routine precision 

of absorptiometry is l-Z%, but can probably be reduced t o  

less than 0,5%; the routine precision of the resonant 
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2. 

30  

4. 

50 

frequency measurement is  204%~ but can probably be held t o  

less than 1%. 

equipment can be miniaturized for space f l i gh t ,  

Results may be analyzed during f l i g h t ;  e i t h e r  on-board or  

telemetered da ta  reduction i s  possible f o r  continuous 

monitoring, 

The procedures are harmless and innocuous0 The rad ia t ion  

dose from absorptiometry is negl igible  (less than 10 mrad/scan) 

and is confined t o  very hmJ1 areas of the extrerniti&s. 

The procedures are simple, and require  l i t t l e  preparation 

o r  manipulation. L i t t l e  t r a in ing  is required t o  make the  

measurementso 

I n  conclusion, we f e e l  t h a t  these methods are idea l ly  su i ted  

fo r  monitoring ske le t a l  s t a t u s  before, during, and a f t e r  space 

f l i gh t .  
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= BONE MINERAL MASS 
PER UNIT AREA IN 
RADIATION BEAM PATH 

(GMIC~)  

= MASS ABSORPTION 
COEFFICIENT (CM2/GM 1 /c1 

d 

f = MICROSCOPIC 
DENSITY (GN/CM3) 

MONOCHROMAT IC 
RADIATION 

SOURCE 

FIGURE 1: 
i n  measuring bone mineral with a monoenergetic photon sourceo 

bone mineral mass per un i t  area i n  the  beam path i s  given by the  

equation. The measured quant i t ies  are I the  beam in tens i ty  

through the  s o f t  t i s s u e  adjacent to  the  bone, and I, the  beam 

in t ens i ty  through the  bone. 

Schematic diagram i l l u s t r a t i n g  the  basic  pr inciples  used 

The 

* 
0 ’  
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SOFT TISSUE 

AREA = MASS 1 UNIT LENGTH 

FIGURE 2: Use of soft tissue equivalent material to simulate a 
constant: tissue thickness across the limb. The intensities are 
plotted on a logarithmic scale; the shaded area is proportional to 
the mineral mass pes unit length of boneo 
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FIGURE 3: 
content: 

Block diagram of the system for measuring bone mineral 
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Scans of 8 child's femur using three different photon 
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72 HOURS AT 6OOOC ASH WEIGHT PER CM OF BONE 

FIGURE 5: 
mineral content obtained from the same sections by the photon 

absorptfometric technique. 

Comparison of ash weight of standard bone sections with 



CHART RECORDER 

FIGURE 6: Apparatus used to obtain ulnar resonant frequency. The 
driver is modified by bonding a small luc i t e  piston t o  the  driver 
diaphragm. The piston contacts the elbow of the subject. The 
ulnar response is detected by a small crystal accelerometer strapped 
to the wrist. 
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FIGURE 7: Acceleration spectrum of the driver piston (bottom) and 
of the ulnar styloid (top) for a typical adult, 
resonance at about 290 Hz. 
and 3000 Hz are driver resonances, The resonance at about 10000 Hz 
is a resonance of the crystal accelerometer. 

Note the ulnar 
The resonances at about 130 Hz, 1000 Hz, 
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FIGURE 8: Typical acceleration response of the ulna, measured at 
the wrist, following a short duration impact at the elbow. 
frequency of ~ ~ c ~ ~ l ~ ~ i ~ ~  is about 320 Hz. 

The 
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Abstract 

Hypercalciuria, negative calcium balance, and bone loss have 

been reported in hypodynamic and hypogravic environments. The loss 

of bone under such conditions is slow, but bone weakness and 

extraskeletal mineral deposition could occur with prolonged 

exposureo Precise and accurate measurement methods are necessary 

to evaluate and control bone lossI Direct photon absorptiometry, 

using monoenergetic radionuclide sources and a scintillation 

detector-pulse height analyzer system, provides reliable and 
d 

sensitive measurement of bone mass. Radiographic photodensitometry 

is relatively imprecise, inaccurate, and unreliable. 

\libratory measurements of bone are more closely related to 

the functional status than to the bone mineral mass. Methods of 

measuring bone quality by determining bone elasticity are being 

evaluated, 

Descriptors 

Bone densitometry, Bone elasticity, Bone mass, Bone mineral 

measurement, Bone quality, Skeletal status. 
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1, Introduction 

Changes in the musculoskeletal system occur in hypodynamic and 

hypogravic conditions; these changes, which occur in both bed-bound 

patients and astronauts, may lead to medical problems, This report 

summarizes some of the major changes, and reviews some newer 

physical methods useful in their measurement. 

Disuse atrophy is a well-known clinical condigion affecting 

both muscle and bone following denervation, prolonged bed rest, or 

immobilization, For many years investigators have speculated 'that 

weightlessness would have an adverse effect since the forces acting 

on the musculoskeletal system would be reduced, particularly in 

weight-bearing bones and postural muscles, Of course, only 

recently have studies in weightless conditions been possi.ble. The 

limited mobility of astronauts suggests that marked alterations may 

occur in prolonged flight due to the "disuse" associated with both 

weightlessness and relative inactivity. 

Bone loss poses two major hazardse First, ectopic mineral 

deposits, particularly in the kidney, may occur if bone loss is 

rapid or prolonged, Second, severe bone loss can compromise the 

structural integrity of the skeletons Sensitive measurements of 

the skeleton are necessitated by these hazards in order to assess 
I 
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the nature and extent of changes in exposed individuals, and also 

to evaluate preventive and curative actions. 

2, Changes Skeletal Status 

Various medical conditions have been examined, and several 

experislental techniques utilized, in order to determine the 

characteristics of bone changes with inactivity. Information has 

been derived from the study of myopathies, tenotomies, denerVatiQR 

syndromes, prolonged bed rest, fracture healing, as well as phial 

and total immobilization, In addition weightlessness has been 

simulated by water or oil immersion for relatively short time 

perfods, 

have reviewed the major studies. 

indication that hypodynamic conditions, of whatever sort, in both 

animals and man result in hypercalciuria, negative calcium balance, 

and bone loss, The extent to which these findings may be ascribed 

to reduced generalized muscle activity, reduced weight-bearing 

stress, OF altered neural, humoral, or blood flow patterns is still 

unclear a 

Recent reports by other investigators (4,7,14,17,18,23,24,52) 

There is an almost uniform 

Similar results have been obtained in space flight experiments. 

Mack and co-workers (26 ,28 ,29 )  used radiographic photodensitometry 
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pre- and post-f l ight  t o  evaluate bone mineral s t a tuso  

losses of 9, 12$ and 14% were reported using os calcis radiographs 

of the  Gemini I V Y  V, and V l H  crews. 

oddly enough, were grea te r  than those i n  the os calcis, The 

reported losses  were not proportional t o  f l i g h t  duration (4, 8, and 

14 days), and much of the  var ia t ion  between f l i g h t s  w a s  a t t r i bu ted  

t o  differences of calcium intake. Estimated d ie ta ry  calcium intakes 

fo r  the  Gemini f l i g h t s  were about 710, 350, and 930 mg/day, Bedrest 

s tudies  made by these same invest igators  supported the r o l e  o/f 

die ta ry  calcium i n  ameliorating bone loss. However, several  other 

s tud ies  have indicated t h a t  d ie ta ry  influences on calcium mobilization 

i n  recumbency are minimal (5). 

during the  Gemini V I 1  mission provided l imited information 

suggesting negative balance, par t icu lar ly  during the second week of 

the 94 day mission (531, 

Average 

Losses i n  the  metacarpals, 

Calcium and nitrogen balance s tudies  

Average bone density losses have been reported f o r  the three 

crew members of Ap093.0 V I I  and of ApoZlo V I I I  (3); the  average 

lssses i n  the  two € l igh t s  were 0,8 and 4% f o r  the  os calcis, 1,2 

and 11),4% fo r  the  distal. radius, and 1,4 and 11,7% for the  dis ta l  

ulna,, The individual bone changes ranged fromJt2 t o  -16%, and 

again the  losses  did not correspond t o  f l i g h t  duration (260 hours 

fo r  Apollo V I 1  and 147 hours fo r  ApoElo V I I L ) .  



Skeletal  Evaluation 5 

The extent of reported bone loss i n  the  Gemini and Apollo 

crews was many times t h a t  expected for a comparable period of t o t a l  

&mobilization, Further, the  pa t te rn  of atrophy a t  d i f f e ren t  

anatomical locations was  varfegated, and the  losses  i n  general did 

not co r re l a t e  with duration of f l i gh t .  It seems clear tha t  

undetermined factors are af fec t ing  these bone measurements, and it 

is possible t h a t  t h e  radiographic method used was not su f f i c i en t ly  

r e l i ab le ,  

The bone atrophy associated with hypodynamic conditions can 
I 

reduce ske le t a l  s t rength if continued for long periods. 

major problem for older  individuals who are subject t o  the usual 

loss of bone wltth age, 

calcium balance of approximately 200-300 %/day, and t o t a l  

immobility, as i n  poliomyelit is ,  may double t h i s  loss  (52). Under 

severe hypodynamic conditions, the  lo s s  might mount t o  2-4 g/week, 

and a t  least one month would be required for depletion of 1% of the  

body calcium store. Although atrophy is slow, continued loss would 

predispose toward fractures.  The danger f o r  astronauts could occur 

during re-entry deceleration, However, i f  the  bone lo s s  is 

i r revers ib le ,  it may lead t o  problems when superimposed on the  

usual aging loss.  

problem of abnormal mineral deposition, 

This is a 

Bed rest appears t o  induce a negative 

This mobilization of bone r a i se s  the  concomitant 

Such deposits,  par t icu lar ly  
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urinary calculi, commonly occur in accelerated bone resorption 

syndromes, and calculi often have been noted in recumbency and 

inactivity, 

The implications of bone atrophy in space flight seem 

generally adverse; the extent of bone loss predicted from 

hypodynamic conditions should not exceed a few percent per month, 

even if loss rates during space flight are several times more 

severe than during total immobilization. Such bone loss, if 

uniform, need not affect the structural integrity of the skebeton 

although it might stimulate extraskeletal mineralization, 

are contrasting opinions on the risk and severity of possible 

kidney stone formation in space flight (l1,38); dehydration, 

metabolic alkalosis, and incomplete emptying of the urinary calyces 

may exacerbate this problem, 

There 

3, Methods & Measuring Skeletal Status In Vivo 

Currently there are several practical methods for measurement 

of skeletal. status which do not require bone biopsy or blood s t ~ ~ p l e s .  

These methods include direct photon absorptiometry, radiographic 

photodensitometry, and measurement of bone vibratory properties, 

Measurement of the small rates of bone loss in hypodynamic an6 
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hypogravic conditions necessitates methods which are precise, 

accurate, and sensitive; these methods must also demonstrate 

long-term refiability, Further, there are changes of soft tissue 

composition under these conditions which may affect bone measurementse 

For example, shifts of body fluids occur with recumbency, and atrophy 

of muscle accompanies disuse (6,41)e 'Ln space flight, these 

problems would be compounded by the marked water loss seen in all 

flights t o  date (3), 

surrounding a bone, and changes in the fat, water, and muscle 

composition of that tissue, could affect measurements of bone 

mineral content determined by radiation absorption methods, and 

Alterations in the amount of soft tissue 

I 

also might modify the measured vibratory properties of bone. 

3,P Direct Photon Absorptiometry 

The photon absorptiometric method developed at the University 

of Wisconsin over the past 10 years uses the attenuation of a 

monoenergetic beam of low energy (20-100 kev) photons as a direct 

measure of bone mineral content (8,9,46), 

this method are illustrated in Figure 1, 

(Pi$ at any point in the photon beam is proportional to ln(Io/a> 

when the bone is embedded in a uniform thickness of soft tissue. 

The intensity of the beam is measured through the bone (1) and 

The basic principles of 

The bone mineral mass 
* 
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* 
through the adjacent soft tissue (Io). 

can be determined at a single point, in a sfngle path across a 

bone, or even over an entire anatomic area if serial scans are made, 

The bone mineral content 

A low energy radionuclide is used as a source of monoenergetic 

photons : 

have been used, 

detector-pulse height analyzer system. 

125X (27.4 kev), 210Pb (46.7 kev), and 2 4 1 ~  (59.6 kev) 

Beam intensity is measured with a scintillation 

Scattered radiation is 

essentially elftninated by using a narrow, well-collimated beam and 

detector, 

to determine the mineral content of a given cross section. 

a case, the source and detector are mechanically linked and pass 

across the bone at a constant speed (Figure 2). 

the bone of interest is surrounded by a soft tissue equivalent 

material in order to simulate uniform tissue thickness. We found 

either water or Super Stuff to work well, 

approximately 95% water and is readily molded; it is available from 

Wham-0 Corporation, San Gabriel, *California or at local toy stores. 

We usually scan across a long bone, typically the Fadius, 

In such 

The limb containing 

Super Stuff is 

The measured beam intensity depends on the absorption 

characteristics of the material in the scan path, It is necessary 

to integrate the change of beam intensity across the scan path in 

order to determine the mineral mass in the path, This is usually 

done by recording measurements at flxed intervals across the bone 
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with a scaler-timer, and then using computer analysis. We have 

also developed a dllrect readout un i t  which uses analog techniques 

t o  measure the  mineral conten%: i n  the  scan path as w e l l  as i ts  

width, 

a scan; the  un i t  is eas i ly  miniaturized and allows convenient 

monitoring of mineral content i n  pat ients ,  surveysp or i n  space 

flight, 

These values are presented immediately a f t e r  completion of 

The accuracy of the  absorptiometric method has been 

demonstrated on ashed bone sections; sect ion weight was prediFted 

within about 3% over a wide range of values (10,36). Varying the  

thickness and composititon (muscle VS. f a t )  of surrounding t i s sue  

cover has l i t t l e  e f f e c t  on the measurement (46), 

very reproducible over periods of many months, 

precision is  l-2%, but t h i s  can be improved by scanning several  

times a t  a s h g l e  locat ion t o  obtain an average. We are developing 

new techniques, using casts of t he  area of i n t e re s t ,  t o  insure 

long-term precision and permit detect ion of small changes of 

mineral content, 

The method is  

Typical measurement 

The absorptiometric method i s  simple and involves a minimal 

It i s  now used i n  a t  l e a s t  a dozen rad ia t ion  dose (10 mrad/scan). 

medical centers f o r  c l i n i c a l  and normative ske le t a l  evaluation; the  

method has been used t o  evaluate changes i n  bed rest (47) and 
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immobilization (22) e 

The same equipment used €or absorptiometric measurement of 

bone suf f ices  t o  measure soft t i s sue  composition (Eat vso 

m u s c l e 9  water) as w e l l ,  

can be determined by making abso rp t ime t r i c  determinations a t  two 

selected photon energies (10,45). We are using 125X and 241Am fo r  

these determinations. The measurement of the  relative f a t  content 

of phantoms i s  accurate within about 2%¶ and measurement precision 

i s  about 1%, 

edema, fa t  changes, and muscle atrophy. The photon absorption 

method could therefore  be used to monitor both soft t i s sue  and bone 

changes occurring i n  hypodynamic o r  hypogravic conditions, 

The composition of a two-component system 

This method could be used t o  monitor dehydration o r  
? 

3 a 2  Radiographic Photadensitometz 

The basic pr inc ip les  underlying radiographic photodensitmetry 

are the  same as fo r  d i r e c t  photon absorptiometry (27,39,50), 

absorption of rad ia t ion  by bone mineral is  used as a measure of the 

mineral mass. However, instead of a monoenergetic radionuclide 

source t h i s  method uses a conventional X-ray tube, and a radiographic 

fi lm is  used instead of a s c i n t i l l a t i o n  detector,  A 

photodensitmeter is  used t o  measure the  op t i ca l  density of t he  

radiographic bone image as an indicat ion o f  the  mineral masse 

The 

An 
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extensive annotated bibliography on t h i s  method is  avai lable  (16), 

Several problems arise i n  using t h t s  method which are not 

encountered with d i r e c t  photon absorptiometry. The rad ia t ion  from 

the conventional tube has a continuous energy spectrum, and 

absorptfon coef f ic ien ts  f o r  such a beam cannot be w e l l  defined. 

addition the  heterogeneous beam changes i n  qua l i ty  (hardens) as 

lower energy rad ia t ion  is preferen t ia l ly  absorbed during passage 

through soft t i s sue  and bone, 

monoenergetic beam, and absorption coef f ic ien ts  are w e l l  defined. 

Furthermore, an undetermined and var iable  amount of scat tered 

rad ia t ion  from the  surrounding s o f t  t i s sues  affects the radiographic 

bone image; t h i s  does not occur with narrow beam geometry. 

film usually exhib i t s  a nonlinear response t o  both rad ia t ion  

in t ens i ty  and energy. 

I n  

There is no hardening of a 

I 

Also, 

Precision of a photodensitometer scan is  usually qui te  high 

and t h i s  may have given the deceptive impression t h a t  the method 

itself i s  highly precise. Variations i n  film, f i lm development, 

and f i lm exposure conditions may contr ibute  to  large systematic 

e r r o m r  

spectrum of a pa r t i cu la r  X-ray tube is poorly reproducible, and 

tubes d i f f e r  great ly ,  

a ca l ibra ted  wedge as a standard on each film. 

Standard exposure is a c r i t i c a l  problem since the energy 

These e r ro r s  are p a r t i a l l y  reduced by using 

b v e s t i g a r o r s  using 
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t h i s  technique have sometimes erroneously f a i l e d  t o  encase the  bone 

of i n t e r e s t  i n  a uniform thickness of t i s s u e  equivalent material and 

t o  bury the  ca l ib ra t ion  wedge i n  t h i s  material* 

Accuracy of radiographic photodensitmetry has not been 

completely evaluatedr 

University technique, largely developed by Mack and associates ,  have 

Workers using the Pennsylvania State 

reported high accuracy on excised bones and on bones with s l i g h t  

t i s s u e  coverc However, on bones with subs tan t ia l  t i s sue  cover the  

e r ro r  of t he  method is  20950% ( 2 , 4 3 ) ,  Mayer et &. (35) conclpded 

t h a t  scat tered rad ia t ion  w a s  a major source of error.  

appropriate methods are used t o  measure and compensate f o r  

sca t te red  rad ia t ion  (121, the  predict ive error of the measurement 

is reduced t o  about 6% on phantoms with moderate t i s sue  cover 

(Colbert and Mazess, unpublished observations). 

When 

The overa l l  u t i l i t y  of t h i s  method may be l imited a s  much by 

long-term r e l i a b i l i t y  as by accuracyo 

report  the usual precis ion t o  be approximately 408% (1,25,31,35,37), 

Even la rger  systematic e r rors  a re  possible unless  great  care is  

taken during f i lm exposure and development ( 4 8 ) .  

Numerous invest igators  

Radiographic photodensitometry has been used i n  a var ie ty  of 

c l i n i c a l  and normative investigations.  It has been used t o  assess  

bone changes during inac t iv i ty ,  bed rest, and space f l i g h t  (14,26, 



Skeletal Evaluation 13 

28,29,30), 

3.3 lvleasurement $& Speed of Sound in Bone 

Measurement of bone vibratory properties provides a 

non-absorptiometric method of skeletal evaluation which determines 

the functional characteristics of bone rather than its mineral 

mass, Several investigators have related the breaking strength of 

bone to its mineral content, density, elasticity, size, and shape 

as well as the age and sex of the propositus (13 ,32 ,33 ,34 ,49) .  

Since the speed o f  sound in bone is related to its elasticity and 
I 

density (21), several laboratories are studying acoustical or 

vibratory methods of skeletal evaluation. Rich and cs-workers (42) 

exploited the difference between the speed of sound propagation in 

bone and in soft tissue to build a scanner for measurement of bone 

quantity. This technique worked reasonably well for compact bone, 

but the attenuation of ultrasound in bone is so great, especially 

if any cancellous portions are present, that their technique was 

impractical. 

excised bone segments by a vibratory technique. 

((35) obtain the speed of sound in excised bone by ultrasound 

propagation and relate this measurement to the density and 

elasticity of the bone sample (Abendschein and Hyatt, to be 

Smith and Keiper ( 4 4 )  measured the elasticity of 

Hyatt and co-workers 
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published). 

inhomogeneous with respect to elasticity (Sl), but an average or 

effective value may be measured, 

Xt is generally recognized that bone is somewhat 

Our laboratory is developing methods for measurement of the 

speed of sound in the ulna, tibia, clavicle, mandible, pelvis, and 

calvarium. We are studying the following approaches: 

1. Timing of mechanical impulse or ultrasound propagation 

along the bone. 

long bone, the speed of sound can be obtained by timing a 

short-duration mechanical ltmpulse between the transducers. 

Alternatively, the speed of ultrasound propagation along 

the bone can be measured, However, the large attenuation 

of ultrasound in bone, mentioned previously, makes this 

Zf two accelerometers are strapped t o  a 

2, 

approach difficult. 

Measurement of the phase shift per unit length of bone for 

fixed vibrational frequencies, If a long bone such as the 

ulna or tibia is excited at one end by a sinusoidal 

vibration of known frequency, the relative phase difference 

between the outputs of two accelerometers placed on the 

bone, divided by the distance between the transducers, I s  

proportional t o  the speed of sound in fhe bone at that  

frequency. Since shear waves are excited in the bone, the 
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dispersion of phase veloci ty  with frequency may be 

determined, 

of bone t i s sue ,  

This gives some information on the  d i s t r ibu t ion  

3. Measurement of resonant frequency, The product of resonant 

frequency and length of a long bone is  re la ted  t o  the  speed 

of sound i n  the  bone (19,201, Apparatus used t o  measure 

ulnar resonant frequency 

The resonant frequency is  obtained from a recording of the  

vivo is shown i n  Figure 3 .  

amplitude response as a function of frequency (Figure 4). 

On repeated resonant frequency deteminat ions,  there  i s  a 
I 

standard deviation of 204%; the  var ia t ion  can be reduced 

by averaging several  measurements. Determination of ulnar 

resonant frequency has been used f o r  c l in ica l  

invest igat ions with promising resu l t s .  

4, Incorporation of bone i n t o  o s c i l l a t o r  c i r c u i t ,  This i s  an  

a l t e rna te  method of measuring the resonant frequency of 

the  bone,, 

response of the  bone i s  connected t o  the  input: of a power 

The output from an accelerometer which measures 

amplifier which powers the  electromagnetic dr iver  used t o  

exc i te  the bone, The bone is, therefore,  essent ia l ly  the 

frequency control l ing element of an o s c i l l a t o r  c i r c u i t ,  

The frequency of o s c i l l a t i o n  may be determined by using 
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the  o s c i l l a t o r  output to dr ive  a Schmitt t r igger  connected 

t o  a scaler. 

Measurement of t he  t ransient  response of the bone t o  

appl icat ion of a short-duration impulse, Analysis of the  

t rans ien t  response by standard engineering methods allows 

determination of resonant frequency, 

5 .  

4 .  Discussion Conclusions 

I Bone mineral losses  i n  hypodynamic and hypogravic conditions 

probably are r e l a t ive ly  s l i g h t  compared t o  the  t o t a l  body mineral 

s tores  and major a l t e r a t ions  would require  long-term exposure. 

Findings of major atrophy i n  pre- and post-f l ight  radiographs are 

exceptional, but probably are a t t r i bu tab le  t o  the  la rge  experimental 

e r ro r  of photodensitmetry. 

changes under such conditions must be accurate, sensi t ive,  precise,  

and r e l i ab le ,  

deposition, 

f l i gh t ,  I n  a l l  s i tua t ions ,  the  decision fo r  d ie ta ry  change, 

medication, ambulation, or  other physical a c t i v i t y  should be based 

on r e l i a b l e  measurements of bone status,  

absorptiometry and measurement of bone e l a s t i c i t y  afford convenient 

The methods used for measuring bone 

A medical hazard i s  presented by ectopic mineral 

This hazard could be magnified by conditions i n  space 

Direct photon 



Skeletal Evaluation 17 

measurement of these critical partmeters, and in addition photon 

absorptiometry can be used to monitor fluid and tissue changes. 

contrast, radiographic photodensitometry is inaccurate on bones 

with moderate tissue cover; the possibility of large systematic 

errors makes the method very unreliable, even though short-term 

precision may be high, 

utilizing mineral balance as an indication of skeletal status 

because of the great difficulties attendant to reliable, complete 

determinations, Balance studies are even difficult to use as 

research tools in metabolic wards, 

excretion may be a useful diagnostic tool, it need not reflect the 

In 

We have not discussed the possibility of 

I 

Although augmented calcium 

extent of bone resorption. 

another useful research tool (40) ,  but the accuracy is unknown and 

the difficulties are great, 

Neutron activation analysis may be 

Newer physical methods are making nondestructive testing of 

the musculoskeletal system easier and more reliable, 

will probably provide the most useful information when used in 

combination, The biomedical impost of such information makes the 

exclusive use of any single method undesirable. 

These methods 
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FIGURE 1: Basic principles  used i n  measuring bone mineral with a 
monoenergetic photon source. The bone mineral mass per unit  area 

in the beam path (%) i s  given by the equation, The measured 

quantit ies  are Io, the beam in tens i ty  through the s o f t  t i s s u e  

adjacent t o  the bone, and I, the beam intens i ty  through the bone. 

* 
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FIGUM 2: System for measuring bone mineral content, Our laboratory 

is  testing a direct readout unit which would allow determination of 

bone mineral content immediately after completion of a scan, 
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CHART RECORDER 
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MODIFIED 
30 WATT 
LOUDSPEAKER 
DRIVER \ 

\I 
AUDIO 

OSCILLATOR 

F S G W  3: 
The driver is modified by bonding a mall lucite piston to the 
driver diaphragm. 
The ulnar response is detected by a small crystal accelerometer 
strapped to the wrist. With changes in the driver support, the 

apparatus may be used for  measurement of tibial resonant frequency 
(Jurist, to be published), 

Apparatus used for ulnar resonant frequency measurement. 

The piston contacts the elbow of the subject. 



28 
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20 I OQ 1000 10000 2000b 

FIGURE 4 :  Acceleration spectrum of the driver piston (bottom) and 

of the ulnar styloid (top) for  a typical adult, 
resonance at about 290 Hz, 

and 3000 Hz are driver resonanceso The resonance at about 10500 Hz 
is a resonance of the crystal accelerometer. 

Note the  ulnar 
The resonances at about 130 Hz, 1000 Hz, 
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1, Introduction 

Xn clinical and normative studies of the skeletal system, we 

have systematically recorded our dsta in a form compatible with 

computer analysis, A simple one-card format, described in a 

previous report (C00-1422-16), has been satisfactory for recording 

our measurements until the present time, However, as more and 

more data are collected from each subject in order to evaluate 

various factors which may be associated with skeletal status, a 

more extensive data collection format is required. In addition, 

many repeated measurements naw are made on the same subjects for 

longitudinal studies. Hence, the new data collection scheme should 

provide 

1, 

2. 

3, 

4, 

for: 

Convenient data processing by computer, 

data storage on punched cards, or as the amount of 

information increases, on magnetic tape, 

Recording as much pertinent data as possible from each 

subject on factors which might be associated with 

skeletal statuso 

Minimum redundancy of recorded data when repeated 

measurements are made on rhe same subject, 

Maximum convenience of use and minimum possibility of 

This requires 
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e r ro r  i n  recording or  punching data, 

Suff ic ient  general i ty  t o  allow use by other laborator ies ,  

T h i s  f a c i l i t a t e s  formation of a cen t r a l  r eg i s t ry  for 

quant i ta t ive  ske le t a l  da tae  

needless duplication of e f f o r t  by laborator ies  using 

comparable measurement techniques. 

5. 

Such a r eg i s t ry  would reduce 

Our new data  co l lec t ion  scheme is  consis tent  with these 

requirements since : 

1. It provides f o r  data  recording on standard 80-col& 

punched cards (or card images an magnetic tape). 

2. Standard ident i f ica t ion  and h i s t o r i c a l  data (name, address, 

sex, etc.) i s  recorded separately from physical data. 

Provision i s  made fo r  recording relevant data (past  

medical his tory,  height, weight , medication, etc .) i n  

de t a i l .  

3. Data a re  recorded i n  modular form, Therefore, repeated 

bone mineral measurements, f o r  example, can be recorded 

without duplication of da ta  on pas t  medical his tory,  

laboratory chemistry values, etc. 

4. The data  recording sheets are arranged so they may be 

used d i r e c t l y  f o r  keypunching, 

data were recorded on la rge  f i l e  cards, t ransferred t o  

With oua: previous system, 
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coding sheets,  and keypunched, Our new system, which 

allows cards t o  be keypunched d i r ec t ly  from the data  

forms, eliminates one copying s t ep  and thus reduces the  

probabili ty of making errors .  The use of multiple data  

cards allows a less crowded card format, thus f a c i l i t a t i n g  

punching and checking of cards, 

The da ta  f o m a t  i s  su f f i c i en t ly  general t o  allow another 

laboratory t o  use our data  fo r  comparative purposes i f  

they use quant i ta t ive  methods of ske le t a l  evaluation. 

Additional data card types can be designed f o r  spec ia l  

s tudies  such as skin transparency, the  e f f ec t s  of 

a r t h r i t i s  on the ske le t a l  system, etc, 

5 ,  

8 

2, The Data Coding Format 

The data  card types are f i s t e d  i n  t h e  accompanying table ,  A 

sample of each coding sheet i s  included i n  t h i s  report ,  

sheet,  except €or the  first, is used t o  code one data cardo The 

columns of nmbers down the  l e f t  margin of each sheet indicate  the  

punched card column numbers fo r  the  da ta  given, 

the header card, columns 1-4 are resewed f o r  the  subject number, 

column 5 i s  blank, columns 6-7 have 01 punched i n  them, column 8 

Each data 

For example, on 
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i s  blank, etc, 

i d e n t i f i c a t i o n  number i n  columns 6-7, whlle each subjec t  i s  

Each card %ype i s  represented by a two-digit card 

i d e n t i f i e d  by a unique number i n  columns 1-4, 

I n  some instances,  such as columns 9-10 of z;he header card, 

coded da ta  i s  t o  be punched. Space is  provided ( i n  parentheses) 

t o  record t h e  raw d a t a  f o r  later coding, I n  t h e  example c i t e d  

(columns 9-10 of t h e  header card), t h e  measurement loca t ion  s i te  

is coded. For example, a p a t i e n t  i n  t h e  University of Wisconsin 

Hospitals would be located a t  t h e  time of d a t a  c o l l e c t i o n  by 
r' 

wri t ing  "UW Hosp, Pat," or equivalent i n  t h e  space provided wi th in  

t h e  parentheses following "Location Code.'t When t h e  da ta  shee t s  

are coded for punching, t h e  technic ian  doing t h e  coding would 

r e f e r  t o  t h e  Location Code L i s t  and would f ind  t h a t  a p a t i e n t  a t  

t h e  University Hospi ta l s  i s  coded as llll.ll 

number 11 would be marked i n  t h e  apace provided a f t e r  "Location 

Consequently t h e  code 

Code." Capies of t h e  code lists are included i n  t h i s  r epor t ,  

Space i s  not provided f o r  certain d a t a  on a symbol by symbol 

bas i s .  

22-69 of t h e  header card),  I n  these  cases, t h e  pe r t inen t  

alphameric d a t a  is provided as needed, There is, however, a 

An example of t h i s  i s  t h e  name of t h e  subjec t  (columns 

column or symbol l i m i t a t i o n  given a t  t h e  end of t h e  space f o r  d a t a  

recording, For example, t h e  name of t h e  sub jec t  may be writ ten i n  
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the space provided as long as the limitation of 48 letters, spaces, 

commas, etc. is observed. Any remaining spaces will be blank on 

the punched card. 

but will be printed verbatim onto reports or lists when requested, 

Data recorded in this way will not be processed, 

3. Comments on Data Format 

Header & Address Cards: Location code refers to the place 

The regerral where the skeletal evaluation is performed. 

code is redundant with the location code for 

investigational controls, but not for patients. 

hospital department providing the referral is used for 

patients of the University of Wisconsin Hospitals. 

The 

Personal and Family History Card: The date refers to the 

date when the data on this card were obtained. The 

conditions listed under personal history include presently 

existing conditions. 

available, the appropriate spaces are left blank. 

If certain information is not 

OB/GYN Histoq Card: Postmenopausal (column 33) refers to 

either the physiological or surgical menopause, 

47-51 refer to the physiological menopause only. 

Columns 

Card: Columns 47-53 
II_ 

Physical Data, a -  and 
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are used f o r  pregnant women only. 

current conditions and therapies only. 

of data  fo r  t h i s  card may be coded on addi t ional  sheets t o  

Columns 55-79 r e f e r  to  

Repeated co l lec t ion  

provide a t h e  sequence of changes in,  for example, height 

o r  weight, 

X-Ray Report Card: Note the  l imi ta t ion  of 60 symbols and 

spaces for  the  abbreviated l is t  of relevant findings. 

Comment Card: This card i s  used for recording addi t ional  

information, I 

7- 

Completion Card: This is the  last card i n  the  data card deck 

of each subject. 



7 

,." 

L i s t  of Data Card Types 
I___--- 

Card Identification Number 

01 
02 

30 

40 
50 

60 

65 
66 
70 

f 2  
73 
75 

98 

99 

Card Naqe 

Header 

Address 
Personal and family history 
WIskYIJ history 

Phpsiual data, diiagnosisg 
and therapy 

Laboratory data 
X-ray report 
Bane mineral. SC$R 
Resonance data 
-act data { h n g  bone) 
Impact datx (slcull and mandible) 

Phase s h i f t  data 
Comment 

Completion 
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01 
02 
03 
04 
05 
06 

07 
08 

09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

90 
91 
92 
93 
94 

LOCATION CODE LIST ( X d U L  WBRRAL Om) 

uw ~ t a f  f (investigatienal control) 

Mendota Staff (investigatJiarla1 cdhttbl) 
Central Colony staff (investigational hentrol) 
Manor House Staf 8 ($nwSt#,g&&6aa], control) 
Edgewood High Schoal (inveseigtlt ional contikol) 
St, Bernard's SchcMl (inves&i$ational conttol) 2 

UW Patient 
Mehdota Patient 
Central c010ny hat tent 
Manor Hause Patient 
VA HQSpita1 Patient 

Patimr o f  Outside Physician 
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LOCATXON CODE LIST (Continued) --- 
95 
96 
97 
98 

99 Other 
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01 

02 

03 

04 
05 
06 

07 

08 

09 

10 
11 

12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 

23 
24 
25 
26 

MFERRAL CODE LIST (IMITJAg REFERRAL s) 

Control, UW 

Manor House Staff 
Manor House Patient 
Exercise Study 
Diet Study 
La Leche Study 
Medicine 
General Surgezy 

Clinical Onaalogy 
Em 
Ophthalmology 

Neurosurgery 

Neurology 
Orthopedics 

OB/GYN 
Dermatology 
Pediatrics 

Psychiatry 

Radiology 
Rehabilitative Medicine 

Urology 
S tttdent Health 
Arthritis Clinic 



REFERRAL CODE LIST (Cohtfnued) 

27 Radiotherapy 

28 Plastic Surgery 

29 
30 VA Hospital 

90 Outside Physkian 

91  

92 

93 
94 

95 

96 

97 
98 
99 Other 

d 
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FRACTtlXlE CObE U S T  

01 

02 

03 
04 
05 

06 

07 

08 

09 

10 

11 

12 

. 13 
14 
15 
16 

1 7  

18 

1 9  

20 

21 

22 

23 
24 

25 

26 

L e f t  Femoral Neck 

L e f t  Femoral S h a f t  

L e f t  T i b i a  

L e f t  F i b u l a  

L e f t  8s Calcis 
L e f t  Metatarsal(s) ( s p e c i f y )  

L e f t  "Hip'' 

L e f t  "Knee" 

L e f t  "Ankle" 
L e f t  "Leg" 

L e f t  Clavicle 
L e f t  Humerus 
L e f t  Radius 

L e f t  Ulna 

L e f t  "Hand" 
L e f t  "Elbow" 

Lef t "wrist" 
L e f t  "Forearm" 

L e f t  "Am'' 

L e f t  Metacarpa l (s )  ( s p e c i f y )  

L e f t  Phalanx (specify) 
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27 

28 

29 

30 

31 
32 

33 

34 

35 

36 
37 

38 

39 

40 
41 
42 

43 

44 
45 
46 

47 

48 
49 

50 

51 

52 

FRACTURE CODE LIST (Continued) 

Right Femoral Neck 
Right Femoral Shaft 

Right Tibia 
Right Fibula 
Right O s  Calcis 
Right M e t a t s r s a l ( s )  ( spec i fy)  

Right "Hip" 

Right *%nee" 

Right "Ankle" 
Right: "Leg" 

Right Clavicle 
Right Humerus 
Right Radius 
Right Ulna 

Right "Hand" 
Right "Elbow" 

Right: "Wrist" 
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53 
54 
55 
56 

57 

58 
59 
60 

61 

62 

63 
64 

65 
66 

67 
68 

69 
70 

71 

72 

73 

74 
75 

76 

77 

78 

FRACTURE CODE __. LIST (Continued) 

Right "Forearm'' 
Right "Armrr 

Right Metacarpal(s) ( spec i fy)  

Right Phalanx (specify) 

"Jaw" 

Sku1 1 
Mandible 
Cervical Vertebra 
Thoracic Vertebra 
Rib 
Lumbar Vertebra 

Sacral Vertebra 
coccyx 

Pubic Ramus 

"Pelvis I' 

d 
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ACTIVITY CODE LIST --- 
Confined to Bed-No Occupation 

Confined t o  Wheelchair--No Occupation 

Confined to  Home--No Occupation 

Sedentary 

Litt le  Activity 

Intemediate Activity 

Moderate Activity 

Vigorous Activity (athlete, construction worket, etc.) c 
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DIAGNOSIS CODE LIST 

001 
002 

003 
004 
005 
006 
007 

008 
009 

010 

011 
012 

013 

0 14 

015 
016 

017 
018 
019 

020 
021 
022 

023 

024 

025 
026 

Myocardial Infarct ion (MI) 
Chronic Cor Pumonale 
Chronic Heart Fai lure  (W) 
Rheumatic Fever 
Ar te r iosc le ro t ic  Heart Disease (ASHb) 
Pers i s ten t  Tachycakdia 
Essential  Hypertension 

Renal Hypertension 
Hypoteasion 
Aortic Calcificatiofi  
Arteriosclerosis 
Peripheral  Vascular Disease 
Thrombophlebitis 
Aseptic NecrotSi.8 

Anemia 
Chronic: Pulmonary Disease 
Pulmonary Emphysema 

Pancrea t i t i s  
Hepar it is  

Cirrhosis 

Hepatomegaly 
"Liver Disease'' 
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027 
028 
029 
030 
031 
032 
033 
034 
035 
036 
03 7 
03 8 
039 
040 
041 
042 
043 
044 
045 
046 
047 
048 
049 
050 
051 
052 

DIAGNOSIS CODE LIST (Cont hued) 

Diabetes Mellitus 

Gallstones 

Gastrectumy 

Gastric Ulcer 
Duodenal Ulcer 

Esophagitis 
Sprue 
Steatorrhea 
Os t emalac ia ( d %e t ary ) 
Rickets 
Calcium Deficiency 
Hypervitaminosis A 
Pellagra (niacin deficiency) 
Kwashiorkor (protein deficiency) 
scurvy 

Starvation 

Alcohol ism 
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053 

054 
055 
05 6 
05 7 
058 
059 
060 
061 
062 

063 

064 
065 
066 
067 
068 
069 
0 70 

071 
072 
073 

0 74 
075 
076 
077 
078 

DIAGNOSIS CODE LIST (Continued) 

Pyelonephritis 

Glomerulonephr 
Nephritis 
Hydronephrosis 

t .s 

Renal Osteodystrophy 
Chronic Renal Failure 
Uremia 
Kidney Stones 
Cystitis 

Leukemia 
Multiple Myeloma 
Osteogenic Sarcoma 
Parathyroid Adenoma 
Bone Metastases 
Other Malignancies 

Hypogonadism 
Castration 
Amenorrhea 
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079 
080 

081 
082 
083 
084 
085 

086 
087 
088 
089 
090 

091 
092 
093 
094 

095 

096 
097 
098 
099 
100 
101 
102 
103 
104 

DIAGNOSIS CODE LIST (Continued) 

"Thyroid Disease" 
Hyperthyroidism 
Hypothyroidism 
Hyperparathyroidism 
Hypoparathyroidism 

Acromegaly 
Hyperadrenocorticism 
Addison's Disease (adrenal hypofunction) 
Cushing * s Disease 

Osteoporosis 

Ankylosing Spondylitis 
Osteoarthritis 
Rheumatoid Arthritis, Adult 
Rheumatoid Arthritis, Juvenile 
Gout 

Polymyositis 
Myositis Ossificans 
Epicondylitis 
Systemic Lupus Erythromatosus (SUE) 
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DIAGNOSXS CODE LIST (Continued) 

105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 

Burs it is 
Scleroderma 
Polymyalgia Rheumatics 
Polyarteritis 
Osteoid TB 
Os teamyelitis 
Chronic Brain Syndrome (CBS) 
Polio 
Parkinson's Disease 
Cerebral Arteriosclerdsis 
Epilepsy 
Cerebrovascular Accident (CVA, stroke) 
CVA (left) Hemiparesis (spastic) 
CVA (left) Hemiparesis (flaccid) 
CVA (right) Hemiparesis (spastic) 
CVA (right) Hemiparesis (flaccid) 
Traumatic Quadriplegia 
Traumatic Hemiplegia 
G1 auc m a  

Cataracts 

Pregnant 
Lac t at ing 
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llwERAPY CODE LIST 

001 
002 
003 

004 

005 

006 

007 
008 

009 
010 

011 
012 
013 

014 
015 
016 
017 
018 
019 
020 
021 
022 

023 

024 

025 
026 

Unspecified Calcium 

Unspecified Vitamin D 

Unspecified Vitamin A 

Unspecified Iron 
Unspecified Multivitamin Preparation 
Unicap (multivitamin) 

Unspecified Thyroid Extract 
Synthroid (thyroxine) 
Unspecified Anabolic Steroid 

Winstrol (anabolic steroid)  

Dianabol (anabolic steroid} 

Unspecified P e n i c i l l i n  
Unspecified Sulfa 
Orinase (antidiabetic)  

Insul in  

Unspecif l e d  Diuretic  
P i t res s in  (d iuret ic )  

D i g i t a l i s  

Digoxin ( d i g i t a l i s )  

Nitroglycerin 
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027 

028 

029 
030 

03 1 
032 

033 

034 
035 

036 

03 7 
038 

039 

040 

041 

042 

043 

044 

045 

046 

047 

048 

049 

050 

05 f 

THERAPY CODE LIST (Continued) --. 

Peritrate (coronary vasodilator) 
Unspecified Anticoagulant 
Coumarin 
Heparin 

Unspecified Corticoid 
Prednisone (corticoid) 
Butazolidin (anti-inflammatory) 
Indocin (anti-inflammatory) 

Aspirin or Bufferin 
Premarin (estrogen) 

Unspecified Oral Contraceptive 
Enovid (oral contraceptive) 
Enovid-E (oral contraceptive) 
Ortho-Nom (oral contraceptive) 
Norlestrin (oral contraceptive) 
Ovulin 28 (oral contraceptive) 

Dilantin (anti-epileptic) 
Unspecified Phenobarbitol 
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001 

002 

003 

004 

005 
006 

007 

008 

009 
010 

011 
012 
013 
014 
015 
016 

017 
018 
019 
020 

i_ X-RAY EXAMTISATION CODE LIST 

Upper GX Series 
Barium Enema 

IVP 
Chest 
Abdomen 
Pelvis 
Skull 
Cervical Spine 
Dorsolumbar Spine 
Lumbosacral Spine 
Femur 

Tibia 
Hand 
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BONE SCAN SITE LIST 
--I_- 

01 
02 

03 

04 

05 

06 

07 

08 

09 
10 
11 
12 

13 
14 
15 
16 

1 7  
18 
19 

20 

21 
22 

23 

24 

25 

Distal @ Phalanx, Midlength 
Medial .rd Phalanx, Midlength 

Proximal 3- Phalanx, Midlength rd 

Metacarpal, Midlength 
Radius, Distal 1/3 ( a l l  distances fo r  forearm scans r e f e r  t o  
distance r e l a t i v e  t o  ulnar s ty lo id  and olecranon) 

Radius, Midlength 

Radius, 1.5-3 cm Distal 
Radius, 4 cm Distal 
Radius, 8 cm Distal 

Radius, 12 cm Distal 

Radius, 16 c m  Distal 
Ulna, Distal 1/3 
Ulna, Midlength 

Ulna, 1.5-3 cm Distal 
Ulna, 4 cm Distal 
Ulna, 8 an Distal 

Ulna, 12  cm Distal 
Ulna, 16 cm Distal 
Os Calcis 
Humerus, Midlength 

Tibia, Midlength 

Fibula, Midlength 

Femur, Midlength 
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coded 
punched 
proofed 

1- 4 

6-7 

9- 10 

12- 17 

19-20 

32-69 

71 

7 2  

73 

75-80 

1- 4 

6-  7 

9- 15 

17-56 

HEADER I__ AND ADDRESS CARDS 

--.-L_ 

Subject  N u m b e r  

01 

( 1 -- Lac a t i on Code 

I_----- 

H o s p i t a l  I D  N u m b e r  

( 1 -- R e f e r r a l  Code 

N a m e  ( L a s t ,  F i r s t )  

(48) 

(M or F) - Sex 

R a c e  - (C, N ,  or 0) 
d 

(L or R )  - Handedness 

-- -- -- B i r t h d a t e  (Month, Day, Year) 

_I_--- 

Subject  N u m b e r  

02 

Street Address 

53-69 

7 1-74 

76-80 

C i t y  (121 

---- S t a t e  
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coded 
punched 
proof e d 

I- 

PERSONAE AND FAMILY HISTORY CARD - - 

---- 1- 4 Sub j ec t Number 

6- 7 30 

9- 

16 

17 

18 

19 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

14 -- -- -- Date (Month, Day,  Year) 

PERSONAL HISTORY: N i f  no h i s t o r y  of, Y i f  h i s t o r y  of 
t h e  fo l lowing  c o n d i t i o n s  ( U s e  comment c a r d s  for 
d a t e s ,  d u r a t i o n s ,  t r e a t m e n t s ,  e tc . )  

__. Rheumatoid A r t  h r  i t is 

O s t e o a r t h r i t i s  

Rheumat i s m  

Gout 

- 
- 

b 

Height  - Loss 

- Back P a i n  

- Kidney S tones  

- G a s t r i c  Ulcer 

Duodena 1 U l c e r  - 
- Sprue 

- O s t e o m a  l a c  i a  

- R i c k e t s  

Calcium Def i c i ency  __I 

+ S t  e a t  orr  he a 

A 
Chronic  Pulmonary Disease  

- L i v e r  Disease  

Kidney Disease  - 
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persona l  and fami ly  h i s t o r y  card - cont inued 

Hypotension _I 

33 

34 Hypertension _I 

Cardiovascular D i s e a s e  - 35 

- 36 Diabetes  

37 Parathyroid  Di sease  - 
- 38 Hypothyroidism 

39 Hyperthyroidism - 
40 Other Endocrinopathy - 

-- -_I -- 42-53 Coded Traumatic Frac tures  

1 I 

55-66 Coded Spontaneous Fractures 

68 

69 

70  

7 1  

72 

73 

74 

75 

76 

FAMILY OSTEOPOROSIS HISTORY: N i f  non-os teoporot i c ,  Y 
i f  o s t e o p o r o t i c  (based on h i s t o r y  of spontaneous 
fractures by age 70) 

- Father 

- Mother 

- Paterna l  Grandfather 

- Paterna l  Grandmother 

7 
Materna I Grandfather 

Materna 1 Grandmot her 
_I 

- Brother 

- S i s t e r  

Paterna l  Uncle - 



77 

78 

79 

80 

Page 28 

persona l  and fami ly  h i s t o r y  card - c o n t i n u e d .  

- Paterna l  Aunt 

Ma terna 1 Uncle 

Maternal Aunt 

F i r s t  Cousin ' 

_I 

I_ 

I_ 

Comments : 
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coded 
punched 
proof  e d 

1- 4 

6- 7 

9- 14 

16 

18- 19 

2 1-22 

24-25 

27-28 

30-31 

33 

35-36 

38-39 

4 1-42 

44-45 

47-48 

50-51 

OB/GYN HISTORY CARD - 

---- S u b j e c t  Number 

40 

Date  (Ilon t h ,  Year). 

--- X If P o s t m e n a r c h i a l  

-- S t a r t  of M e n s t r u a t i o n  a t  Age (Years )  

-- Number of P a s t  P r e g n a n c i e s  

-7 
Number of Term P r e g n a n c i e s  

-- I Number of B r e a s t  Fed C h i l d r e n  

Average L a c t a t i o n  D u r a t i o n  (Months) -- 
X i f  Postmenopausa 1 - 
F i r s t  Oophorectomy a t  Age (Years )  -- 

-- Second Oophorectomy a t  Age (Years )  

B i l a t e r a l  Oophorectomy a t  Ago (Years )  -- 
Hysterectomy a t  Age (Years) -- 

-- Las t  Regu la r  M e n s t r u a l  P e r i o d  a t  Age (Years )  

D u r a t i o n  of Menopausal Symptoms (Months) -- 
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coded 
punclmd , 
proofed 

1- 4 

6- 7 

9- 14 

16 

17 

19-21 

23-25 

27-29 

31-32 

34-36 

38-40 

42-44 

46 

47-52 

53 

55-66 

PHYSICAL DATA, DIAGNOSIS, AND THERAPY CARD 
_I_ -- - 

u__L__-- 

Sub j ec t Number 

50 

-- -- -_1 
Bate (Month, Day, Year) 

Body Bui ld  Code 
_I 

I_ 

A c t i v i t y  Code 

--- Standing  Height (Cent imeters)  

--- S i  t t irrg H e  i g h t  (Ce n t  ime t e~ s ) 

Weight (Pounds) --- I 

Left T r i c e p s  Skin Fold (Millimeters) -7 

--- Res t ing  Heart  Rate (Beats/Minute) 

Res t ing  S y s t o l i c  Blood P r e s s u r e  (mm Hg) 

Res t ing  D i a s t o l i c  Blood P res su re  (mm Hg) 

I_--  

--- 
- X i f  Pregnant  

Date of Last Menstrual  Pe r iod  Completion (Month, Day, 

-- -- -.-- Year) 

X i f  Taking Supplemental  Calcium _I 

--- --- --- Coded Diagnoses 

( 
I_-- 

68-79 --- --- --- Coded Therap ie s  

) Note: The 
s u b j e c t  should be s p e c i f i c a l l y  ques t ioned  about 
t h e  fo l lowing  medica t ions :  o r a l  c o n t r a c e p t i v e s ,  
c o r t i s o n e ,  t h y r o i d  e x t r a c t ,  i n s u l i n ,  ca lc ium 
p r e p a r a t i o n s .  
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coded 
punched 
proofed  

1- 4 

6-7 

9- 14 

16- 19 

2 1-24 

26-29 

31-34 

36-39 

40-43 

44-47 

49-52 

54-57 

59- 62 

64- 67 

69-72 

74-76 

78-80 

LABORATORY DATA CARD 
_I_- 

---- Sub j ec t Number 

60 

-- -- -- Date (Month, Day, Year) 

Photomotogram ( M i l l i s e c o n d s )  ---- 
Serum P r o t e i n  Bound Iod ine  (pg%) , . - 

-- - Serum Calcium (mg%) 

Serum Phosphorus (mg%) . - 
Serum Glutamate- oxa loace t a t e Transaminase I 

---- ( U n i t s )  

Serum Glut  ama te-pyruva t e  Transaminase 

---- (Un i t s )  

Serum L a c t i c  Acid Dehydrogenase (Units) ----- 
Serum A l k a l i n e  Phosphatase (K-A Uni t s )  -- - 
Serum C r e a t i n i n e  (mgZ) - - * -  

Serum P r o t e i n  (gZ) . - 
Urinary Calcium (mg/24 hrs) , 

Urinary Phosphorus (mg/24 hrs) 

Urinary  17 H y d r o x y c o r t i c o s t e r o i d s  (mg/24 h r s )  

Urinary 17 Ketosteroids (mg/24 h r s )  --- 
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coded 

1- 4 

6- 7 

9- 14 

16- 18 

20-79 

Subject  

65 

X-RAY REPORT 

-- Number 

D a t e  (Month, Day, Year) 

Coded X-Ray Examination 

punched 
proofed l 

CARD - 

-- 

I 
Findings  
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coded L 

punc had 
proofed 

1- 4 

6- 7 

9- 14 

16 

17 

19-20 

22-23 

25-29 

31-34 

36 

37 

39-40 

42-43 

45-49 

51-54 

56 

57 

59-60 

62- 63 

65- 69 

7 1-74 

BONE MINERAL SCAN CARD - -- 

--.-_I 
Subject Number 

66 

-- -- -- Date (Month, Day, Year) 

Isotope (A f o r  2 4 1 ~ m ,  I f o r  1 2 5 ~ ,  o r  P for "Pb) - 
- Side Scanned ( L  or R) 

Coded Bone S i t e  Scanned 

Source Distance (cm from source t o  f i n g e r t i p ,  elbow, 

( ) -- 
heel,  or knee, depending bn whether scan  is of 
hand or forearm, upper arm, foot or loher l eg ,  or 
upper leg)  

-- -- Bone Mineral Con ten t  (g/cm) 

-- Bone Width a t  Scan Site ( c m )  - . 
- Isotope 

- Side Scanned 

( 1 -- Coded Bone S i t e  Scanned 

-- Source Distance 

-- *-_I__ 

Bone Mineral  Content  

- * - -  Bone Width a t  Scan S i t e  

Isotope - 
- Side Scanned 

( 7 
-LI 

Coded Bone S i t e  Scanned 

-- Source Distance 

--.-- Bone Minera 1 Content 

- * - -  Bone Width a t  Scan Site 



Page 34 

coded 
punched 
proofed 

RESON4NCE DATA CARD 

1-4 Sub Sect Number 1111 

6-7 70 

9-14 Date (Month, Day, Year) , 

LEFT ULNA: 



Page 35 

1-4 

6-7 

9-14 

16 

18 

20-23 

25-28 

30-33 

35 

37 

39-42 

44-47 

49-52 

54 

56 

58-61 

63-66 

68-71 

codad 
punched 
proofed 

Subject Number - -~ I 

72 

Date (Month, Day, Year) -- 
Bone (C for Clavicle, T for Tibia, os U fot aim) .-.II. 

Side (L or R) - 
L (4 ~- ,- * - 
Fd - - -- 
oc (/see) ---I 

Bone - 
Side -.cI 

L--*- 

Fd---- 

I 



Page 36 

1-4 

6- 7 

9-14 

16-19 

21-24 

26-29 

31-34 

36-38 

40-43 

45-48 

50-53 

55-58 

coded 

proofed 
punched '. 

hex I__ 

73 

Date (Month, Day, Wear) 111, - - ,- -. 



Page 33 

coded 
punched 
proofed 

1-4 

6-7 

9-14 

16 

18 

20-23 

25-28 

30-32 

34-36 

38-40 

42-45 

47-49 

5 1-53 

55-57 

59-62 

64-66 

68-70 

72-74 

Subject Number - - 
75 

Date (Month, Day, Year) - - 
Bone (T for Tibia,  U for Ulna) - 
Side (L or 3%) 

Length (cm) . - 
Frequency (Hd ..- -- __ -, 

Wavelength (cm) - - 
Bone Lag (cm) _. . I 
Sensor Lag (cm) - . - 
F-quencY - - - -, 

Wavelength - - 
Bone Lag - . - 
Sensor Lag- . - 
Frequency .- - -- -- 
Wavelength - . -.l-c 
Bone Lag - . -.lll) 
Sensor Lag .rc e - 

I 



Page 38 

11-4 

6-7 

9-14 

16- 17 

119- 78 

coded 
punched 
proofed 

Subject 

98 

Date (Month, Day, 'Hear) 

Comment Card ber for This Date 

Comment 

- 
(603 

i 



Page 39 

1-4 er , ___ 
4- '2 99 

9-11 E 



Quantitative Evaluation af Skeletal Status 

in the Rheumatic Diseases i 

John M. Jurist 

Mark No Mueller 
Joyce Lo Clark 



1 

1, Introduction 

As a result of the 1957-1959 US National Health Survey (7), it 

was estimated that 10,845,000 people in the United States have 

"arthritis" or "rheumatism." The incidence was only 0.2% for 

people less than 25 years of age, but was 28.6%,for people at least 

75 years old, These estimates are not entirely reliable because of 

sampling difficulties and inadequately defined criteria; it is, 

however, still apparent that an enormous loss in potential 

productivity results from disability associated with these dideases 

Rheumatoid arthritis (2) is a chronic, progressive, disabling, 

systemic disease of the connective tissues. 

the predominant clinical manifestation of this condition. 

changes often associated with rheumatoid arthritis include 

juxta-articular osteoporosis in the initial stages. Osteoporosis 

may become generalized in later stages of the disease. 

bone demineralization may be caused by the disease process itself, 

immobilization resulting from the disease, or anti-anabolic effects 

of the anti-inflammatory agents (especially corticosteroids) used 

in its therapy (1,3,5,6), no quantitative or direct study of 

skeletal status in rheumatoid arthritis has been made, 

Joint inflammation is 

Skeletal 

Although 

We propose to measure bone mineral content in a number of 
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si tes  such as the d i s t a l  radius, midshaft of the  radius,  etc. and 

r e l a t i v e  bone e l a s t i c i t y  i n  the  ulna and t i b i a  i n  pa t ien ts  with 

rheumatoid a r t h r i t i s .  Changes i n  ske le t a l  s t a t u s  w i l l  be studied 

on both cross sect ional  and longitudinal bases as a function of 

disease sever i ty  and duration, involved jo in ts ,  and the type and 

duration of therapy. 

2. Documentation 

For t h i s  study, two addi t ional  da ta  sheets were added t o  the 

coding system previously described f o r  c l i n i c a l  and normative 

s tudies  (4). These sheets,  samples of which are included i n  t h i s  

report ,  are used t o  record data fo r  t he  medication h is tory  and 

a r t h r i t i s  study cards. 

The medication h i s to ry  card allows recording of relevant data 

on three types of medication. 

appropriate un i t s  (milligrams, micrograms, un i t s ,  etc.) for each 

medication type. 

each treatment and the  elapsed t i m e  ( i f  any) since i ts  

discontinuation. 

Dose strengths are recorded i n  

Space is  provided f o r  a record of the duration of 

The a r t h r i t i s  study card provides a record of the  sever i ty  of 

the disease. (A copy of the coding l i s t  i s  included i n  t h i s  report.) 
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I n  addition, t h e  card provides a record of pe r t inen t  laboratory 

da ta ,  a summary of t h e  involved j o i n t s ,  and whether o r  not ob jec t ive  

s igns  (swelling, radiographic changes, eteo) are found f o r  lthese 

j o i n t s .  

3,  

1. 

2. 

3,  

4. 

5, 
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1 . Introduction 
For a number of years, skeletal status has been evaluated by 

estimation of bone radio-opacity--either visually or with an 

optical densitometer. 

sophisticated and highly precise monoenergetic photon 

absorptiometry techniques of bone mineral measurement (Cameron 

and Sorenson 1963, Sorenson and Cameron 1967). However, 

measurement of bone mineral may give an inadequate indicafrion of 

skeletal status in osteoporosis. Urist, MacDonald, Moss, and 

Skoog (1963), for example, report the existence of regions of 

dead, weak bone which are normally or even excessively mineralized 

in this condition. 

to mineral mass may still be unusually susceptible to fracture. 

Mather (1967) has demonstrated a correlation between bone 

elasticity, geometry, and strength. It therefore appears desirable 

to investigate methods of measuring bone elasticity in vivo as a 

means of estimating bone quality. 

This approach has evolved into the 

Thus, bones which appear normal with respect 

Because the speed of sound in EL material is a function of 

elasticity and density (Kinsler and Frey 1950), measurement of the 

speed of sound propagation in bone offers one approach to 

estimation of bone elasticity. 
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We are investigating the measurement of the speed of sound 

in the ulna and in the tibia by the following approaches: 

1, Timing of impulse propagation, 

2. Measurement of the phase shift per unit length of bone 

for fixed vibrational frequencies, 

Measurement of resonant frequency by obtaining the 

amplitude response of the bone to vibratory excitation 

of relatively constant amplitude and variable frequency, 

Measurement of the "ringing frequency" of the bone after 

application of a short-duration impulse. 

3,  

I 

4, 

The ulna is suitable for all four approaches listed above because 

it is easily accessible at each end-both the olecranon and styloid 

processes are close to the body surface (even in obese subjects). 

The tibia, which is now being investigated in our laboratory, has 

certain advantages for measurement of ringing or resonant 

frequency since it can be easily excited along the middle of the 

(subcutaneous) medial surface, Excitation at this location tends 

to suppress even harmonicso 

Fer many years, various acoustical or vibratory techniques 

have been used for non-destructive testing of materials (Rowe 1949), 

but application of these techniques to study of skeletal properties 

is relatively recent (Jurist and Selle 1965, Smith and Keiper 1965), 
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This report deals with the instrumentation used for & vivo 

estimation of ulnar elasticity by resonant frequency measurement. 

2, Theoretical Basis of Resonant Frequency Measurement 

The vibratory properties of a long bone such as the ulna may 

be modeled on the fundamental equation describing a vibrating bar: 

FoLrKC. 

the length of the bar, C is the speed of sound through thd material 

of the bar, and K is a proportionality constant dependent on the 

mode of vibration, geometrical factors, and boundary conditions 

(Kinder and Frey 1950). 

In this equation, Fo is the resonant frequency and L is 

If transverse modes of vibration are considered, C is 

unchanged, but K then includes factors dependent on the shape of 

the bar and is usually much smaller than it is for longitudinal 

modes, 

a cylindrical tube with an outside diameter equal to 5% of its 

length and an inside diameter equal to 3.3% of its length, 

attached to rigid supports at each end by hinges. 

are then 0.5000 and 0.0235 for the fundamental longitudinal and 

transverse modes of vibration, respectively. It is recognized that 

the ulna is not a uniform cylinder, and the joints do not act as 

As a first approximation, the ulna may be considered to be 

It is 

The values of K 
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t rue  hinges, 

considerably from these estimates, In  addition, s ince the  ulna 

Thus, the  ac tua l  K values f o r  t he  ulna may vary 

is not symmetrical about i t s  long axis, K values f o r  fundamental 

transverse resonances may vary with the plane of vibration. These 

considerations w i l l  be evaluated i n  later reports.  

I f  the  bar is excited by a constant amplitude sinusoidal 

dr iving force of var iable  frequency, it w i l l  exhibi t  a m a x i m u m  

which i s  approximately 
I 

'a, response or  "resonance" a t  a frequency, 

equal t o  the resonant frequency, 

F z F a / m ) ,  where Q i s  a measure of damping o r  f r i c t i o n a l  

losses  i n  the vibrat ing system. 

More expl ic i t ly ,  
FO 

Since the ulnar  Q i s  typ ica l ly  

2.7-3.6 when measured i n  vivo, F is usually 204% l a rger  than Fa, 
0 

To a f i r s t  approximation, correction f o r  Q may be neglected, and 

F set approximately equal t o  Fa. 
0 

The relat ionship FoL=KC may be exploited t o  determine the 
2 e l a s t i c  properties of long bones because C =YIP,  where Y is  the  

average value of Young's modulus over the cross  section of the  

bone, and Pis the  average density. The density term includes 

any muscle o r  connective t i s sues  which may be coupled t o  the  

bone. However, t he  acoustical  impedance of bone is so much larger  

than t h a t  of s o f t  t i s s u e  t h a t  any coupling e f f e c t s  are small. The 
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ratio Y/p is identical to the ratio of Young's modulus integrated 

over the cross section of the bone to the linear density (mass per 

unit length) of the bone. Since the linear density of a long bone 

is proportional to the mineral content expressed in terms of mineral 

mass per unit length (Cameron, Mazess, and Sorenson 1968), the 

linear density may be estimated by monoenergetic photon 

absorptiometry (Cameron and Sorenson 1963). If the shape and 

boundary conditions of the bone under consideration are assumed to 

be constant, then the vibrational mode is fixed and FoL is thus 
I 

proportional tad-. 
in the following paper. 

The validity of this assumption is discussed 

3. Instrumentation 

The apparatus used to measure ulnar resonant frequency is 

shown in Figure 1. 

the modified loudspeaker driver with a variable frequency signal. 

The response of the ulna to excitation at the olecranon process is 

monitored at the styloid process by means of a seismographically 

mounted crystal pickup. Figure 2 shows the arm support, driver, 

and detector in detail. 

In practice, the length L of the ulna is measured with a 

The oscillator-amplifier combination powers 
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metric rule. A response spectrum is obtained by scanning a 

frequency range and recording the response as a function of 

frequency. 

response, may be taken directly from the record. 

Fa is determined by tuning the ascillator to obtain maximum 

response on the monitoring oscilloscope. Since, to a first 

approximation, the frequency of maximum amplitude response is 

equal to the resonant frequency (FzF ), the product FoL may be 

calculated in order to obtain a quantity proportional to w. 
In practice, FoL is usually 4000-8000 Rz-cm for healthy subjects, 

and 1200-4500 Hz-cm for patients with symptomatic osteoporosis. 

T,n this case, Fa) the frequency of maximum amplitude 

Alternatively, 

a 0  

Figure 3 shows a typical response spectrum for a normal 

subject. This figure clearly demonstrates a resonance peak at 

about 250 Hz, but does not show any other resonances. 

resonances are often observed which may be either overtones or 

fundamental frequencies of different modes of vibration (Figure 4), 

Additional 

4, Instrumentation Characteristics 

Figure 5 shows the amplitude of piston vibration, measured 

optically, of the unloaded driver for frequencies of 50-400 Hz. 

Observation of the piston vibrational amplitude at higher 



7 

frequencies shows the driver t o  have a esonant frequency of 

about 750 Wz, This freeque gher than the ulnar 

resonant frequency, The piston vibratio 1 amplitude, measured 

at constant frequency, is t o  the input voltage 

(Figure 6 ) ,  

Figure 7 shows the crystal pickup voltage as a function of 

frequency when the pickup is seismographically mounted on the 

driver piston. There are no picku resonances in the frequency 

range of interest (50-400 Wz), 
d 

In order to confirm that the resonance shown in Figure 3 

was not a resonance of the arm support, the oscillator was tuned 

until resonance was detected, and then the crystal pickup output 

voltage was measured for four situations: 

1, Subject positioned as shown in Figure 3. In this case, 

the peak to peak output voltage, V, of the crystal is a 

function of the vibration conducted from the driver 

through the subjectus am, ~h~ough t support, and 

through the ann, = 4 , 6  volts, 

2, Subject positioned as ab ith elbow about 5 nrm 

stone This measures conduction 

sugh the air, 
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handgrip separated 

conduction t h  

ver pis ton and with 

r t e  This measures 

and through the 

u t  5 mn above t h e  dr iver  

pis ton and with the ha dgrip separated from the arm support, 

= 0.0 volts .  
I 

V w r >  This measures a i r  conduction only, 

These measurements sh hat  most of the  dr iver  output reaches the  

c r y s t a l  through the  forearm of the  subject,  It should also be 

noted tha t  the cha rac t e r i s t i c  resonance peak was obtained only when 

the elbow of the  subject was i n  contact with the  dr iver  piston, 

5, Discussion & Conclusions 

The i n  vivo de r m i n a t ~ o ~  of bone e las t ic i ty  has poten t ia l  

value i n  screening ams for  metabolic bone disease,  ear ly  

detect ion of o s t @ o ~ o ~ o s ~ s ~  and evaluation of ske le t a l  e f f ec t s  of 

various therapeutic m ~ ~ ~ ~ ~ ~ i e s ~  967)  has re la ted  

breaking s t rengt  m u r  t o  age of the subject,  bone geometry 

(which can be de and bone e l a s t i c i ty  

measured &I v i t r o c  king loads of 
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bones could be y ~oen~genog~ hic and vibratory 

measurement 0% if bone resonant frequency 

proves to be a imate of bone elasticity. 

If C is assumed EQ be 2880 meters/second (Rich, Klink, 

Smith, Graham, and ~ v ~ n o ~ i ~ ~  k966), and the ulnar E is assumed 

to be 30 cm, ehe model presented p susly predicts a fundamental 

transverse resonan 230 Hz, Considering the 

limitations of the model, %he predicted transverse resonant 

frequency is in reasonable agreement with experimental values, 
I 

typically 150-300 z ,  obtained wi h healthy subjects, 

The following paper w i P  discuss the precision or 

reproducibility of the technique, ter papers will consider 

clinical findings obtained by ulnar resonant frequency measurement 

and their impli 

and determinati the speed 0% sou in bone by phase shift and 

ibiaf resonant frequency, 

impulse propaga 
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Summary 

The relat ionship between esonant frequency (Fo), length (L), 

and speed of sound (C) for a long bone i s  given by FoL=KC, where K 

i s  a proport ional i ty  constant drzpending on geometrical fac tors ,  

boundary conditions, and the mode of vibration. Since the  speed of 

sound i n  a material is  re la ted  t o  e l a s t i c i t y ,  the e l a s t i c i t y  of a 

long bone such as the  ulna may be estimated by determining FoL. 

The resonant frequency of the  ulna i s  obtained by recording the  

amplitude response of t h i s  bone a t  the s ty lo id  process t o  sinusoidal 
1 

vibrat ion applied a t  the  olecranon process as a function of driving 

frequency, 

approach t o  i n  vivo estimation of bone e l a s t i c i t y .  

Measurement of ulnar  resonant frequency i s  a promising 
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FIGURE 1: Apparatus used t o  measure u lna r  resonant  frequency. The 

166.Atlas PD-4V d r i v e r  was modified by a d d i t i o n  of a small l u c i t e  

p i s t o n  bonded t o  t h e  diaphragm by epoxy cement. This  p i s t o n  made 

contac t  with t h e  elbow of t h e  subject .  

C-10) was mounted seismographically over t h e  u lna r  s t y l o i d  process 

with t h e  c a r t r i d g e  s t y l u s  s t rapped t o  t h e  wrist, The u lna r  resonant  

frequency may be determined by: (1) scanning a frequency range and 

recording t h e  amplitude response 'as a func t ion  of  dr iv ing  frequency, 

or (2) 
response as measured on t h e  monitoring osci l loscope.  

The v i b r a t i o n  pickup (Calrad 

tuning t h e  Heath AG-10 audio oscillator t o  ob ta in  maximum 
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FIGURE 2: 
detector e 

Photograph of arm support showing driver and vibration 
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PIGURIE 3: 

the resonance peak at  about 250 Hz. 

Typical ulnar response spectrum for a normal adult. Note 
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FIGURE 4:  
(top) t o  a 125 Hz driving signal (bottom). 

Oscilloscope trace showing a 250 Hz response of the ulna 
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FREQUENCY (Hz) 

d 

FIGURE 5: 
a function of frequency. 

and each point represents the mean of 3 determinations. 

bars indicate the largest mean deviation about the mean obtained 

in  the  serieso 

Amplitude of vibration of the unloaded driver piston as 

The amplitudes were measured optically,  

The range 
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FIGURE 6: 

function of input voltage (peak t o  peak) a t  300 Hz. 
Amplitude of vibration of the unloaded piston as a 

Each point 
represents the mean of 3 determinations. The range bars indicate 

the largest mean deviation about the mean obtained i n  the series. 
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FIGURE 7: 
function of frequency when the crystal is seismographically 

mounted on the driver piston. 

spectrum and the one shown i n  Figure 3. 

Relative output voltage of the crystal pickup as a 

Note the difference between t h i s  
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1. Introduction 

A preceding paper (Jurist 1969) reported a method of -. in vivo 

measurement of ulnar frequency, 

ducibility of the technique. 

This paper reports the repro- 

Resonance of the ulna, or any other long bone, may be 

modeled on the fundamental equation describing a vibrating bar: 

FoL= KC. is the ulnar resonant frequency, 

L is the ulnar length, C is the speed of sound through th? ulna, 

and K is a proportionality constant dependent on boundary 

conditions and mode of vibration. Since elasticity (Y) is a 

In this equation, F 
0 

function of density (P)  and the speed of sound (Y = C2P), 

relative ulnar elasticity may be estimated from measurement of 

Fo and L if K is constant (Y-(FoL) ). 2 

The resonant frequency of the ulna is obtained from 

measurement of response at the styloid process to vibration 

applied at the elbow (over the olecranon process). 

damping, the excitation frequency at which the amplitude response 

is largest (F ) is slightly less than the true resonant frequency 

(Fo). 

that it can usually be neglected. 

The reproducibility of the Fa measurement was tested in 2 

Because of 

a 
The difference between Fa and Fo, however, is so small 
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ways, a 
the driving o s c i l l a t o r  fto m a x i m u m  responses 

F i r s t ,  repeated de emina t ions  of F were made by tuning 

Second, repeated 

determinations of F were made by recording the  response of the  

ulna as a function of frequency, 

were careful ly  repositioned i n  an attempt t o  keep the mode of 

a 
During the  tests, the forearms 

vibrat ion constanto I n  t he  f i r s t  case, the  standard deviation 

of F was about 3%. In  the  second case, a standard deviation 

of about 2% was obtainedd 

de ta i l .  

a 
Table 1 presents these data i n  more 

I 

Since the length L of the  ulna may be measured with a 

precision of approximately 1-2%, the product F L has a precision 

of 5% o r  less. Because biological  var ia t ions  a re  so large,  a 

precision of 5% i s  acceptable f o r  comparison of F L values of 

d i f fe ren t  subjectse  

a 

a 

I n  order t o  consider changes i n  e l a s t i c i t y  

i n  the  same subject,  t he  length of t he  ulna may be assumed t o  be 

constant and F measurements may be d i r ec t ly  comparedo a 

2, Variation of K with & Posi t ion ~ scle Tension 

To determine he e f f ec t  of reposit ioning on F (which would a 
a l t e r  K), Fa was measured 6- 0 t imes f o r  2 subjects  while t he  

or ientat ions of t h e i r  forearms w e  e variede The standard ann 
I 
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position was illustrated i the first paper. With maximal wrist 

supination, K changed in such a way that Fa was increased by about 

20%. 

while maximal dorsiflexion reduced Fa by about 15%. 

Maximal volar flexion of the hand reduced F by about lo”/, a 

Since older subjects measured in a clinical study exhibited 

varying degrees of muscle spasm as sequelae to strokes, F was 

measured for the 2 experimental subjects with their forearms in 

the relaxed state and then during maximum gripping effort. 

tension increased Fa by about 5%, These findings underscoke the 

importance of forearm positioning and degree of muscle relaxation 

in determining K. 

a 

Muscle 

3. Precision of the Fa Determination 

A simple spring-mass-dashpot model may be used for estimation 

of the precision of the Fa measurement as a function of resonance 

peak width. For a given uncertainty in amplitude, (AA), there 

exists a corresponding uncertainty in Fa @Fa) (Figure 1). 

width of the resonance peak may be formally described in terms of 

The 

where Q = Fa/(Fqa-Fla) . As s h m  in Figure 2, Fla and FZa Qa, a 
are the frequencies at which the amplitude response at the styloid 

process falls to 1 of its value at Fa” Figure 3 shows the 
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calculated precision of Fa as a function of amplitude resolution 

for various Q 

of 2%, the precision of the Fa determination is about 3%. 

that this is roughly the same value as the standard deviation of 

repeated determinations reported in Table 1, 

For a typical Q of 3 and an amplitude resolution a' a 
Note 

The uncertainty in Fa may be reduced by taking the mean of 

repeated measurementsc 

determination was tested by recording, at 30 minute intervals, 

6 sets of 6 response spectra each &om the same subject. 

spectral recordings, the elbow of the subject was removed from 

the driver, but the crystal pickup remained attached to the wrist. 

Between each set of 6 spectra, the subject was completely removed 

from the apparatus and allowed to rest. 

although the standard deviation of the individual Fa determinations 

was about 2% of the mean value, the standard deviation of the 

mean Fa values calculated from each set of 6 recordings was less 

than 1%, 

15 seconds, averaging several F determinations for each subject a 
is practical. 

This approach to improving the Fa 

I 
Between 

Table 2 shows that 

Since each response spectrum may be recorded in about 

4, Second Order Correction Eo_F. Fa 

As discussed previously, the frequency of maximum amplitude 
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response , Fa, is only approximately equal to the resonant 
frequency, F . 
be applied to Fa as a function of Qae 

Q Thus, correction 

for the effects of muscle damping, etc. may be made, but these 

corrections are of the same order of magnitude as the precision 

of Fa. In the experiment which investigated changes in Fa with 

muscle tension, Qa was found to decrease with maximal gripping 

effort by about 15% from a resting value of about 2.7. 

Figure 4 shows the correction (D) which must 
0 

Note that, for typical 

of 2.5-3.5, Fa is only 2-4% smaller than Fo. a 

I 

5. Discussion & Conclusions 

The short-term reproducibility or precision of the F a 
determination for normal subjects as reported in this paper 

compares favorably with that of the monoenergetic photon 

absorptiometry technique of bone mineral measurement (about 

2-Vk as compared to 1~2%) as reported by Cameron, Mazess, and 

Sorenson (1968). 

Because the ulna may vibrate in several modes, the simple 

damped oscillator model, used to predict the F determination 

precision and second order correction for finite Q 
a 

is a' 
inadequate for completely simulating the vibrating ulna. 
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However, behavior of the ulna when near resonance is similar 

to that of a simple damped oscillator, 

reasonable values for Qa and the amplitude measurement resolution, 

this model predicts F 

as found experimentally. Thus, the precision of single F 

measurements is unlikely to improve over the reported value of 

2-4% unless precision of the amplitude measurement is markedly 

improved , 

After assigning 

precision of the same order of magnitude a 

a 

Abrams (1968), in a study of fresh and embalmed pig ’ 
forelimbs and an embalmed cadaver arm, found embalming to increase 

the resonant frequency by a factor of 2 and increase damping by a 

factor of 4,5. The embalmed cadaver ann exhibited ulnar 

resonances of 65 Hz and 500 Hz, If the embalming process is 

assumed to double Fo in the human, it is possible that ulnar 

resonance data presented in this series of reports resulted from 

measurement of the first overtone and not the fundamental 

ulnar resonance, An alternativk, and more likely, interpretation 

is that the lower resonance reported by Abrams resulted from 

interactions of the ulna with the humerus, It should be noted 

that accepted bone elasticity and density values predict a 

fundamental transverse ulnar resonance of about 230 Hz (Jurist 1969), 
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a 

The reproducibi l i ty  of the  F measurement was  studied, 

and various fac tors  which a f f ec t  F were investigated. The 

standard deviation of repeated Fa determinations w a s  found t o  

be 204% in 3 subjectso The precision of Pa was increased by 

taking the mean of several  measurements, 

volar  f lexion and dorsiflexion of the  hand, and gripping e f f o r t  

changed Fa by up t o  about 20% r e l a t i v e  t o  the  F measuremept 

under normal conditions by a l t e r ing  boundary conditions (K). 

Gripping e f f o r t  reduced Qa by about 15% from the  res t ing  values 

i n  2 subjects. 

a 

a 

Wrist supination, 

a 
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Table 1 -- 
* 

Reproducibility of the Fa Measurement 

- 
Subject Fa (Hz) a F a  (Ha) @Fa (x) N - 

1 266.4 808 3.3 21 

2 279 7 8 04 3.0 20 

3 298.2 5.8 le9 36 

I 

* 
The F for Subjects 1 and 2 were measured at daily intervals by 

The Fa for Subject 3 
a 

tuning the oscillator to maximum response. 

were obtained by recording the ulnar response as a function of 

frequencye 
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* 
S e t  

1 

2 

3 

4 

5 

6 

1-6 

Increased Fa Precision Obtained b~ Calculating 

the Mean of Several Determinations 
--3 

294 e 5 

300.0 

299 e 0  

300.0 

296.7 

299 e 0  

298.2* 

29802 

3 1p3 

5.8 

8.8 

2.2 

5 .8 
JrkJL. 

ea (XI 

1.83 

1.10 

1.04 I 

2.29 

1.96 

2.94 

0.73 

le95 

* 
Jrk 

Each set consisted of 6 Fa determinations. 

Mean and standard deviation of the Fa for each set. 
JWM. 

Standard deviat ion of the 36 individual Fa determinations. 
i 
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A 

F 

FIGURE 1: 
of maximum amplitude response (Fa) associated with a given resolution 
(AA) in the amplitude response (A) of the ulnao 

Uncertainty (AF ) in the determination of the frequency 
a 
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I I I 

FIGURE 2: The frequencies Fla and FZa 
are those for which the vibrational amplitude is l/@ of its value 
at Fa, 

Width of a resonance peak, 
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0.4 - - 
I I I I I 1 1 1 1  I I I I l l l l  

oo30.1 0.3 0.5 I 3 5  10 

AA/A (%) 

I 

FIGURE 3: a 
the amplitude resolution @A/A) and the resonance peak width 

(Qa). 
model (Kinsler and Frey 1950). 

Precision of the F 'determination as a function of 

These data are obtained .from 8 simple damped oscillator 
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20 

IO 
8 

6 

4 
D 

2 

I - 
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Qa 

FIGURE 4: 
and Fa as a function of Q, (Kinsler and Frey 1950), 

Difference (D), expressed as a percentage, between Fo 
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1, In t roduct ion  

Mather (1967) repor ted  the  r e l a t i o n s h i p  between bone. e l a s t i c i t y  

and breaking s t r eng th ,  Previous papers i n  t h i s  series ( J u r i s t  

1969a, 1969b) descr ibed t h e  i n  vivo es t imat ion  of bone e l a s t i c i t y  

by measurement of u lna r  resonanceo 

ulna may the re fo re  provide an i n d i c a t i o n  of  bone qua l i t y ,  

Measuring resonance of t h e  

The 

product of resonant  frequency (F ) and length  (L) of t h e  u lna  i s  

propor t iona l  t o  t h e  speed of sound i n  t h e  ulna. 

of sound i s  propor t iona l  t o  t h e  square r o o t  o f  e l a s t i c i t y  f o r  a 

given dens i ty ,  

should provide an i n d i c a t i o n  of  r e l a t i v e  s k e l e t a l  s t r eng th  or  

q u a l i t y  , 

0 

However, tpe speed 

Hence, F L is a measure of t h e  bone e l a s t i c i t y  and 
0 

The resonant  frequency is ,  to wi th in  a few percent ,  equal  t o  

Experiment a l l y ,  t h e  frequency of maximum amplitude response, Fa. 

F may be obtained by recording t h e  amplitude response of t h e  

s t y l o i d  process as a funct ion of d r iv ing  frequency f o r  e x c i t a t i o n  

appl ied  t o  t h e  elbow (olecranon process).  

a 

2. Mater ia l s  &Methods 

FaL w a s  measured f o r  437 c l i n i c a l l y  normal sub jec t s  (ages 6-89 
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years)  and f o r  28 os teoporo t ic  women (mean age 74 years) ,  The 

os teoporo t ic  women were age-matched with normal controls .  I n  

addi t ion ,  FaL w a s  measured f o r  15 d i a b e t i c  women (mean age 74 

years)  who were also age-matched with normal women. 

Normal sub jec t s  were those without  any ove r t  evidence o f  

osteoporosis ,  and no h i s t o r y  of prolonged c o r t i c o s t e r o i d  therapy 

o r  immobilization f o r  more than 2 months. Osteoporotic s u b j e c t s  

were those with a h i s t o r y  of r ecen t  v e r t e b r a l  co l l apse  o r  f r a c t u r e  

of t h e  femoral neck with l i t t l e  or  no a s soc ia t ed  trauma, I n  
8 

addi t ion ,  any os teoporo t ic  sub jec t s  with any form of malignancy 

were excluded from the  study, Diabe t ic  s u b j e c t s  were included 

i n  t h e  study because d i abe te s  has  been r epor t ed  t o  be a s soc ia t ed  

with a r e l a t i v e l y  high incidence o f  os teoporos is  (Boulet and 

Mirouze 1954) , 

3. Resul t s  

3.1 Normal Subjects  

Figures  1 and 2 show t h a t  FaL increases  from age 6 t o  about 

15-20 years ,  and then  decreases,  

years  of age occurs a t  a r e l a t i v e l y  cons tan t  rate i n  men u n t i l  

The decrease a f t e r  about 20 
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a t  least 80 yearso  The F L of women decreases i n  the  i n t e r v a l  

25-55 years a t  roughly t h e  same rate as f o r  mene 

however, F L decreases very r ap id ly  (about l%/year) i n  women. 

a 
Af te r  55 years,  

a 
The increase  i n  FaL before adulthood is almost exclus ive ly  

secondary t o  growth increasing L i n  t h i s  period (Figures 3 and 

4 ) ,  After  adulthood, of course, L is  e s s e n t i a l l y  constant. The 

s l i g h t  decrease i n  L with advancing age shown i n  Figures 3 and 4 

probably r e f l e c t s  t h e  smaller s t a t u r e  of sub jec t s  born i n  t h e  

Nineteenth Century, and does not, i n  a l l  l ike l ihood,  represent  

any "shrinkage" with increasing age, 

I 

* 

Figure 5 shows t h a t  F appears t o  be r e l a t i v e l y  constant a 
f o r  6-12 year old boys, and then  decreases s teadi ly .  Tbe F 

values fo r  females decrease s t e a d i l y  from age 6 t o  about 55 years,  

a f t e r  which Fa decreases even more markedly (Figure 6). 

a 

3,2 Osteoporotic & Diabetic Subjects 

Table 1 shows t h a t  t h e  mean F L f o r  28 os teoporo t ic  women a 

* 
The decrease i n  he ight  o f t en  seen with advancing age i s  t h e  

r e s u l t  of increased sp ina l  curvature,  v e r t e b r a l  co l lapse ,  and 

in t e r -ve r t eb ra l  d i s c  degeneration. 
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is significantly (at the 0.1% level) lower (about 44%) than the 

mean F L of 28 age-matched normal controls. 

diabetic women appears to be about 25% lower than the F L of 

normal women of the same ages. This difference is significant at 

the 2-5% level. 

Tables 1 and 2 show that only about 18% of the osteoporotic 

Likewise, the FaL of 

a 

a 

subjects have F L values greater than 3055 Hz-crn. 

18% of the normal subjects have F L values less than 3055 Hz-em. 

Thus, the osteoporotic women and their age-matched controls cbuld 

Similarly, only a 

a 

be discriminated with an effectiveness of 82% on the basis of 

their F L values. a 

3.3 FaL Distributions 

An interesting feature of the distribution of FaL of women 

aged 46 or more who are categorized as normal is shown in Figure 7. 

Note that this distribution is bimodal, The F L distributions for 

normal men or younger normal women, however, were not bimodal. 
a 

Figure 8 ,  a cumulative distribution of the F L distribution for a 
women 46 or more years old, clearly shows that two populations 

are included in the distribution, 
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4 .  Discussion 

At present, there is some cont oversy over whether or not 

osteoporosis is part of the normal aging process in women, Many 

investigators believe that bone loss is physiologic and, therefore, 

not a disease or metabolic error (Garn, Rohmann, and Nolan 1964; 

Garn, Rohmann, and Wagner 1967), Other investigators, however, 

argue that bone loss  sufficiently severe to lead to spontaneous 

fractures is abnormal (Urist 1960; Urist, MacDonald, Moss, and 
I 

Skoog 1963; Vincent and Urist 1961). These authors, however, 

concede a certain amount of bone loss to accompany aging, 

etiological agents involved in development of "pathological" 

osteoporosis are not well understood, but endocrine disorders, 

The 

inactivity and associated reduction of skeletal stress, dietary 

deficiency or malabsorption of calcium have been suggested as 

factors (Fraser 1962; Nordin 1962; Urist 1960). 

Indirect evidence for osteoporosis being a definite abnormality 

has been presented by Urist et&. (1963), and by Vincent and 

Urist (1961), but no direct evidence for this contention has. 

been published, The bimodal FaE distribution shown in Figure 7, 

however, suggests that there are two, or  possibly more, types of 

bone metabolism in women after the age of about 45 years. For the 
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first type (Group I in Figure 9) ,  F L decreases at about the same 

rate after age 45 as it does for men, 
a * 

For the second type (Group 

I1 in Figure 9), F L decreases very rapidly after age 45. 

women are future osteoporotics although they have been defined as 

These a 

clinically "normal" because they have exhibited no independent 

evidence of osteoporosis, Figure 7 suggests that about 35% of the 

randomly selected population of "normal" women over the age of 

45 years fit into the Group I1 or future osteoporotic category. 

Confirmation of this finding awaits results of long-term longitudinal 

studies which allow determination of individual rates of skeletal 

change 

The observation that about 82% of the osteoporotic women 

were discriminated from their age-matched normal controls by 

their ulnar F L values alone suggests that measurement of F L is a a 
of great potential value in screening programs for detecting 

* 
The data on which this interpretation is based show only the 
separation into two populations after the age of 45. 

association between the menopause and this separation into two 
populations is implied, but is & established by the investigation. 

An 

The term postmenopausal osteoporosis might be a fallacy caused 
by post hoc reasoning. 
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osteoporosis,  

s t r eng th  of t h e  axial  skeleton t o  e l a s t i c i t y  and bone mineral 

content of t he  appendicular ske le ton  are now i n  progress, 

Fur ther  s t u d i e s  which quan t i t a t ive ly  relate 

The 25% d i f f e rence  between t h e  mean F L values of d i a b e t i c  

women and t h e i r  age-matched con t ro l s  suggests t h a t ,  as repor ted  
a 

by Boulet and Mirouze (1954), t h e r e  i s  indeed an a s soc ia t ion  

between d iabe tes  and an increased incidence of osteoporosis. 

The s impl i c i ty  and p rec i s ion  ( J u r i s t  1969b) of t h e  technique 

f o r  F L determination suggests i ts  value f o r  long-term s t u d i e s  of a 

changes i n  s k e l e t a l  s t a t u s .  

I 

5 Conclusions 

Measurement of F L i n  l a r g e  numbers of human subjec ts  has  a 
allowed establishment of normal values of t h i s  parameter as a 

func t ion  o f  age and sex, 

normal women more than  45 years of  age suggests t h a t  about 35% 

The FaL d i s t r i b u t i o n  f o r  c l i n i c a l l y  

of t hese  women may be developing osteoporosis,  Measurement of 

u lna r  F L has shown about 82% discr imina t ion  of women with 

symptomatic osteoporosis ( f r a c t u r e  of t h e  femoral neck and/or 

v e r t e b r a l  collapse) from t h e i r  age-matched normal controls.  The 

a 
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F L of women with symptomatic osteoporosis is about 44% lower 

than that of normal women. Diabetic women have F L values 

which lie between those of normal subjects and patients with 

symptomatic osteoporosis, 

promising approach to following development of osteoporosis in 

aging or immobilized populations on a long-term basis. 

a 

a 

Measurement of ulnar F L is a a 
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Summary 

The product of u lnar  resonant frequency and length (F L) 

was measured f o r  172 normal men, 265 normal women, and f o r  28 

os teoporo t ic  and 15 d i a b e t i c  womeno F L was shown t o  increase  

f o r  sub jec t s  of age 6-20 years and then  decrease a f t e r  about 25 

years,  

l%/year),  

normal women more than 45 years o ld  is  bimodal with about 35% 

of these  sub jec t s  i n  the  lower F L group. This  suggests t h a t  

r ap id  bone loss i s  not a un ive r sa l  phenomenon; the  so-called 

s e n i l e  o r  postmenopausal osteoporosis appears t o  be an abnormality 

and not  a normal concomitant of t h e  aging process. 

symptomatic osteoporosis have FaL values averaging about 44% less 

than those of age-matched cont ro ls ,  while d i a b e t i c  women have 

F L values between these  two extremes, 

allows 82% successfu l  d i scr imina t ion  of women with osteoporosis 

from t h e i r  age-matched con t ro l s ,  Determination of PaL o f f e r s  a 

promising approach t o  eva lua t ion  of s k e l e t a l  s t a t u s  and following 

s k e l e t a l  changes with immobilization o r  increas ing  age. 

a 

a 

After age 55 ,  FaL of women decreases r ap id ly  (about 

The d i s t r i b u t i o n  of PaL f o r  randomly se l ec t ed  c l i n i c a l l y  

I 

a 

Women with 

Measurement of u lna r  FaL a 
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Table 2 -- 

F E Discriminant Analysis for 28 Postmenopausal 

Osteoporotic and Age-Matched Control Pairs 

(Mean Age = 74.0 yrs) 

a 

FaL 2 3055 Hz-cm 

FaL < 3055 Hz-w 

ClSnical Group 

Control Osteoporotic 

23 5/ 

5 23 
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d 

AGE (YRS) 

FIGURE 1: Product of ulnar length (L) and frequency of maximum 

amplitude response (F ) vs. age for 172 normal males. As i n  the 

following 5 f igures,  the range bars enclose 51 standard error of 
a 

the mean for each age category. Age categories  were 6,  7,  8, 9, 

10, 11, 12, 13, 14, 15-16, 17-19, 20-29, 30-39, 40-49, 50-59, 

60-69, 70-79, and 80-89 years,, 
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FIGURE 9: Schematic diagram i l l u s t r a t i n g  a poss ib l e  i n t e r p r e t a t i o n  

of data presented i n  t h i s  paper, 'with increas ing  age, the  FaL of 

most (Group I) wontea decreases at a rate near ly  cqual t o  t h e  ra te  

o€ decrease f o r  men,, However, t h e  P L of about 35% of  the  wornen 

(Group 11) decreases  r a p i d l y  a f t e r  about 45 years  of age, 

specula te  t h a t  t h i s  sudden bone l o s s  f o r  t h e  Group I1 women i s  

t r igge red  by the  r e l a t i v e l y  rap id  ces sa t ion  of gonadal a c t i v i t y  

which precedes the  menopausea A t  lower F L values ,  s k e l e t a l  

s t r eng th  is  low and spontaneous f r a c t u r e s  occurc Af t e r  the age of 

about 60 years ,  most of the Group XI women have spontaneous 

f r a c t u r e s  and are diagnosed as os teoporo t ic ,  

of l a r g e  numbers of  women permit e a r l y  i d e n t i f i c a t i o n  of those  who 

belong I n  Group 11, it may be poss ib l e  t o  d iscover  t h e  var ious 

f a c t o r s  involved i n  osteoporosis ,  

a 
One may 

a 

I f  l ong i tud ina l  study 



In Vivo Measurement of Bone Quality - -, 

John Me Jurist, Ph.De 
John R, Cameron, Ph.D. 

Department of Radiology 

University of Wisconsin Medical Center 

MadiSon, Wisconsin 



1 

1. In t roduct ion  

Various papers descr ib ing  stuc?y o f  autopsy specimens have 

shown t h a t  t h e  breaking s t r e n g t h  of bone i s  r e l a t e d  t o  the  shape 

6 of t he  bone, i t s  e l a s t i c i t y ,  and t h e  age and sex of t h e  donor . 
Therefore,  it might be u s e f u l  t o  be a b l e  to measure bone e l a s t i c i t y  

-- i n  vivo as a means of p red ic t ing  s k e l e t a l  s t r eng th  or  qua l i ty .  

Since the speed of sound i n  a material i s  a func t ion  of  e l a s t i c i t y  

and dens i ty ,  it i s  poss ib l e  t h a t  measurement of the  speed of sourid 

in bone w i l l  allow es t imat ion  of bone e l a s t i o i t y ,  
I 

Our laboratory,  extending a study begun i n  19653’4, i s  

i n v e s t i g a t i n g  measurement o f  t h e  speed of sound i n  the calvarium, 

c l a v i c l e ,  mandible, t i b i a ,  and ulna.  We are us ing  t h e  following 

approaches: 

1. Timing t h e  rate of mechanical impulse propagation along 

the  bone, 

2. Measurement of t h e  phase s h i f t  pe r  u n i t  length of bone 

f o r  f ixed  v i b r a t i o n a l  frequencies.  

3, Measurement of the  resonant  frequency of t h e  bone by 

recording amplitude response as a funct ion  o f  v i b r a t i o n a l  

frequency. 

4 .  Determination of t h e  r ing ing  frequency of t h e  bone after 
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a p p l i c a t i o n  of a short-durat ion impulse. 

This paper w i l l  consider  t h e  l a t t e r  two approaches t o  es t imat ion  

of e l a s t i c i t y  i n  t h e  ulna. 

2. Theory 

A simple mddel, i n  which t h e  u lna  i s  t r e a t e d  as a v i b r a t i n g  

bar,  shows t h a t  FoL= KC I n  t h i s  equation, Fo i s  t h e  resonant  

frequency and L is t h e  length  of t h e  bar ,  C is t h e  speed of sound 

through t h e  material of t h e  bar, and K is a cons tan t  of 

p rbpor t iona l i t y  which depends on t h e  mode of v ib ra t ion ,  geometr ical  

f a c t o r s ,  and boundary condi t ions  5 

If t r ansve r se  modes of v ibka t ion  are considered, C is  

unchanged, but  K then i s  a func t ion  of t h e  shape of the bar and is 

much smaller than it  i s  f o r  l ong i tud ina l  modess 

As an example, t h e  u lna  may be considered t o  be a c y l i n d r i c a l  

tube with an o u t s i d e  diameter equal t o  5% of i t s  length  and an 

i n s i d e  diameter of 3.3% of i t s  length,  

t h e  "ulna" t o  be a t tached  t o  r i g i d  supports  by hinges. These 

hinges s imulate  t h e  w r i s t  and elbow j o i n t s .  The p ropor t iona l i t y  

f a c t o r  K is  then given by K =  0,5N and K s 0 . 5 N W / L  for  

long i tud ina l  and t r ansve r se  modes of v ib ra t ion ,  r e spec t ive ly ,  I n  

We w i l l  assume t h e  ends of 

2 '  
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both cases ,  N is  an in teger .  The shape f ac to r ,  S, i s  t h e  radius 

of  gyra t ion  of t he  cross s e c t i o n  c f  t h e  tube about i t s  diameter. 

For a tube with i n s i d e  and ou t s ide  diameters as l i s t e d  above, 

K =  0,02352 f o r  t r ansve r se  modes of v ibra t ion .  Note t h a t  K is 

smaller f o r  t h e  fundamental t r ansve r se  mode by a f a c t o r  of 2 1  than 

f o r  t h e  fundamental l ong i tud ina l  i.1ode. I f  C i s  assumed t o  be 

2880 m/sec7, and L i s  assumed t o  be 30 cm, t h e  model p r e d i c t s  

fundamental t r ansve r se  and long i tud ina l  resonant  f requencies  of 

about 230 Hz and 4800 Hz, respec t ive ly .  r' 

It is recognized t h a t  t h e  u lna  is no: a t r u e  cy l inder ,  and 

t h e  j o i n t s  do not  act as t r u e  hinges. I n  addi t ion ,  t he .u lna  is 

not symmetrical about i t s  long axisb Thus, t h e  K value f o r  t h e  

fundamental t r ansve r se  resonance may vary from the  est imated value 

of 0.0235 and may even vary w i t h  t h e  plane of v ib ra t ion ,  However, 

t he  pred ic ted  t r ansve r se  resonant  frequency of  230 Hz i s  i h  

reasonable  agreement with experimentally determined values  of 

150-300 Hz for  hea l thy  subjec ts .  

The r e l a t i o n s h i p  F o L Z  KC may be explo i ted  t o  determine t h e  

e l a s t i c  p rope r t i e s  of t he  long bones because C2 = E/P , where Y is 

the  average va lue  of Young's modulus over t h e  cross sec t ion  of  t h e  

bone, and .6' i s  t h e  average dens i ty ,  The d e n s i t y  term includes any 

muscle o r  connect ive t i s s u e s  which may be coupled t o  the  bone. 
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However, a t  t h e  f r equenc ie s  of i n t e r e s t ,  t h e  coupl ing of soft  

t i s s u e s  t o  bone i s  small; t h e  e f f e r t  of t h e  presence o f  s o f t  t i s s u e  

may be cons idered  to be on mass lo:2ding and damping only''. The 

r a t i o  YIPis i d e n t i c a l  t o  t h e  r a t i o  of Young's modulus i n t e g r a t e d  

over t h e  cross s e c t i o n  of t h e  bone to t h e  l i n e a r  d e n s i t y  ( m a s s  p e r  

u n i t  l eng th )  of t he  bone. S ince  the l i n e a r  d e n s i t y  of a long bone 

i s  p ropor t iona l  t o  the minera l  con ten t  expressed i n  terms of 

minera l  mass p e r  unit l eng th  , the l i n e a r  d e n s i t y  may be es t ima ted  

by nionoenergetic photon absorptiometry (. I f  t h e  shape and boundary 

2 

ii 9 

cond i t ions  of t h e  bone under cons ide ra t ion  are assumed t o  be 

2 cons tan t ,  then  t h e  v i b r a t i o n a l  mode i s  f i x e d  and (FoL) 

propor t iona l  t o  Y I P  e 

is  t h u s  

3. Measurement of Ulnar  FoL 

The l eng th  L oE t h e  u lna  i s  measured wi th  a n  o rd ina ry  metric 

Alrhough F L va lues  of d i f f e r e n t  s u b j e c t s  may be compared, r u l e ,  

t h e  l eng th  of t h e  bone may be assumed t o  be c o n s t a n t  f o r  

measurements made on t h e  same s u b j e c t  a t  d i f f e r e n t  t i m e s .  

F measurements may be d i r e c t l y  compared i n  o rde r  t o  cons ide r  

changes i n  s k e l e t a l  quality i n  t he  same subject, 

0 

Thus, 

0 
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3, l  Resonant Frequency D e t e m i n a t i m  

The apparatus  used t o  measure u lna r  resonant  €requency i s  

shown i n  F igu re ' l a  

t i b i a l .  resonant  frequency with minor modif icat ions,  The 

o s c i l l a t o r - a m p l i f i e r  combination powers t h e  modified loudspeaker 

The same approach m y  be used t d  measure t h e  

d r i v e r  with a v a r i a b l e  frequency s i g n a l v  The response of t h e  ulna 

t o  e x c i t a t i o n  a t  t h e  olecranon process i s  monitored a t  t he  s t y l o i d  

process by means of a c r y s t a l  pickup. A small  instrumentat ion 

accelerometer makes a s u i t a b l e  pickup. 
8 

A response spectrum i s  obtained by s c a n n h g  a frequency range 

and recording response a s  a func t ion  of frequency, The response 

spectrum may show the  displacement amplitude, v e l o c i t y  amplitude, 

o r  a c c e l e r a t i o n  amplitude depending on whether o r  not  t h e  

accelerometer output  i s  in t eg ra t ed  twice, once, o r  used d i r e c t l y ,  

The frequency of maximum displacement amplitude (F ) 2  v e l o c i t y  

amplitude (Fv), o r  a c c e l e r a t i o n  amplitude (F ) may be obtained 

from t h e  record,  I f  t h e  damping or f r i c t i o n a l  l o s ses  i n  t h e  

v i b r a t i n g  system a r e  represented by the  "qual i ty  fac tor ' '  o r  Q, it 

X 

a 

can be shown t h a t  t h e  resonant frequency (F,) i s  given by: 

, Fo= Fv and F o s  F Since t h e  

ulnar Q i s  t y p i c a l l y  2,7-3.6 when meastlreclin vivo, Fo i s  usua l ly  
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294% l a r g e r  than Fx and 2 ~ 4 %  smaller than  Fa . To a f i r s t  

approximation, t h e  co r rec t ion  f o r  Q may be neglected and Fx and Fa 

set approximately equal  t o  F e 
0 

An a l t e r n a t i v e  method for measuring t h e  resonant  frequency is 

t o  tune t h e  o s c i l l a t o r  t o  ob ta in  maximum response OR t he  monitoring 

osci l loscope.  

I n  p rac t i ce ,  t h e  u lna r  FoL i s  usua l ly  4000-8000 Hz-cm for 

heal thy  sub jec t s ,  and 1200-4500 Hz-cm f o r  p a t i e n t s  with symptomatic 

osteoporosis .  

as l a r g e  as u l n a r  resonant  f requencies ,  while  t h e  t i b i a  is  u s u a l l y  

T i b i a l  resonant  f requencies  are usua l ly  about 7>% 

about 40% longer  than the ulna.  Figure 2 i l l u s t r a t e s  a t y p i c a l  

u lna r  response spectrum for a normal subjec t .  Note the  resonance 

peak a t  about 290 1x2. Addit ional  bone resonances a r e  o f t e n  

observed which may be e i t h e r  overtones or fundamental f requencies  

of d i f f e r e n t  modes of  v ib ra t ion .  I n  addi t ion ,  resonances may be 

caused by o s c i l l a t i o n  of the  accelerometer-skin system, or  may 

occur i n  the  d r i v e r  o r  

3.2 lilnging Frequency 

i n  the  accelerometer.  

Determination 

Another way t o  cha rac t e r i ze  an  c l a s t i c  system is  t o  measure 

t h e  r ing ing  frequency which r e s u l t s  from app l i ca t ion  of a 

short-durat ion impulse. Figure 3 shows a t y p i c a l  recording of t h e  
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d i s t a l  u lna r  response t o  an impact i : t  t h e  elbow. The frequency of 

o s c i l l a t i o n ,  F is near ly  equal t c  t h e  resonant  frequency, The 

r e l a t i o n s h i p  between these  two q u a n t i t i e s  is  F o s  Fd 

where Q is  t h e  q u a l i t y  f a c t  i t y  Q may be found from 

the decay constant :  Q =  0, e 

d J  

* 

4. C l i n i c a l  & p l i c a t i o n  

Ulnar P L was measured f o r  437 normal sub jec t s  with ages of a I 

6-89 years ,  I n  addi t ion ,  28 os teoporo t ic  and 15 d i a b e t i c  women 

were measured. Recent spontaneous v e r t e b r a l  co l l apse  or femoral 

f r a c t u r e s  a s soc ia t ed  with l i t t l e  or  no trauma were our  cri teria for 

def in ing  osteoporosis .  

As shown i n  F igures  4 and 5 ,  F L was found t o  rise u n t i l  about a 

1 5  years of nze and then  t o  decrease a f t e r  about age 20. 

of women vas lound t o  decrease a t  a rate  of about: 1% per  year  

The FBL 

a f t e r  t h e  age of 50. 

The 28 os t eoporo t i c  women exhib i ted  a mean F L value about 

44% lower than t h a t  of t h e i r  age-matched c o n t r o l s  ( 4 5 5 0  Hz-cm). 

a 

This  d i f f e rence  is  s i g n i f i c a n t  a t  t h e  0,001. l eve l .  The d i a b e t i c  

women had a mean F L value moderately lower (25%) than t h a t  of 

t h e i r  age-matched controls (4070 Hz-cm). 

a 

Appl ica t ion  of the  t test 
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showed this difference to be significant at the 0,02-~,0!j level. 

These findings are summarized in Table I, 

Discriminant analysis showed 82% of the women with symptomatic 

osteoporosis t o  be below, and 82% of the normal women to be above a 

discriminant F L value of 3060 Hz-cm (Table 11). a 

5. Discussion 

The limitations of the shple model of the vibrating ulna 
I 

which has been presented in this paper are extensive: 

1. 

2, 

3,  

4 ,  

5 ,  

The model ignores the effects of the soft tissue which 

surrounds the bone, 

The effects of limited coupling between the equipment and 

the ulna, caused by the soft  tissue covering the ulna, is 

ignored ,, 

The finite mass of the hand is ignored, 

The joint characteristics are oversimplified. 

not act as true hinges, but allow translational as well 

as rotational movements to occurs 

The asymmetry of the ulna is ignored, 

Joints do 

Yet, there is evidence that ulnar resonance 'is being measured: 

1, For young, nomall subjects, there i s  an inverse 



r e l a t i o n s h i p  between F and L. 
a 

2. Placing a l a y e r  of 2 mm t h i c k  rubber shee t ing  between t h e  

d r i v e r  p i s ton  and elbow or between t h e  wrist and 

accelerometer reduces t h e  amplitude of t h e  resonance peak 

but does not change F a --- 
3. The tissues of t h e  forearm, i n  t h e  relaxed state, do not 

appear t o  load t h e  ulna s i g n i f i c a n t l y  s ince  t h e  FaL of 

os teoporo t ic  women, who weigh less than normal , is lower 

than t h e  F L of  age-matched normal womene 

mass loading t o  decrease t h e  resonant frequency, not t o  

increase  it, 

Tightening t h e  muscles of t h e  forearm does appear to  

change loading of t h e  ulna s ince  m a x h u n i  gripping effort 

increases  F by about s%. 

Firmly squeezing t h e  middle of  t h e  forearm increases  Fa 

by about 2% 

I s o l a t i n g  t h e  handgrip from t h e  rest of t h e  arm support 

8 

I 
One expects a 

4. 

a 

5. 

6. 

does not a l te r  the  resonance peak, Hence, t h e  observed 

resonance i s  i n  the  forearm and not i n  t h e  arm support. 

The driver resonant frequencies are not s h i f t e d  appreciably 

by the  presence o f  t h e  ann; t h e  u lna r  resonance appears i n  

a r e l a t i v e l y  f l a t  region between t h e  d r i v e r  resonance 

7, 
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peaks (Figure 2). 

Since the measurements described in t h i s  paper do provide, on 

an empirical basis, separation of pat ien ts  with symptomatic 

osteoporosis from t h e i r  age-matched controls  (Tables I and XX), 

future  investigations w i l l  be directed toward reviking t h e  

simplified model presented i n  t h i s  paper SO t h a t  it more 

r e a l i s t i c a l l y  simulates the vibrat ing forearm. 

of 

of 

of 

The finding that  the FaL of  diabe t ic  m e n  is lower than t h a t  

their age-matched controls  (Table I), but not as low tis t h e  PaL 

women with symptomatic osteoporosis is consistent with the  report  

Boulet and Mirouze t h a t  diabetes is associated with an increased 1 

incidence of osteoporosis. 

6. Conclusions 

The product of ulnar resonant frequency and length was 

measured i n  437 normal subjects, 28 osteoporotic women, and 15 

diabetic women* 

age i n  both men and women. 

was about 44% less than tha t  of age-matched noma1 women, while 

the mcan F L of the d iabe t ic  women was inltemediate, 

women were compared with women who had osteoporosis su f f i c i en t ly  

P,L was found to decrease after about 20 years of 

The mean FaL of the  osteoporotic women 

When n o m 1  a 



severe to produce spontaneous fractures, the 2 groups could be 

discriminated with SIR e f fec t iveness  of 8% on the bas i s  of t h e i r  

F L valueso Although our present understanding of the vibratory 

properties  of the ulna is  inadequate from an engineering stsndpaiht,  

measurement of ulnar resonant frequency is a promising approach to 

the study of skeletal status. 

a 
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Table & 
...--.111111. 

F L in Women w i t h  Postmenopausal Osteoporosis a --- 
Or -.- Diabetes Mellitus 

Gro2 

Osteoporotic 

Age-matched control 

Diabat ic 

Age-matched control 

2560 2 850 
28 7 4 . 0 2  8r9  5.76 

4550 3 1620 (Pa .001) 

30402 1230 
15 74.5 2 7.5 2.10 

4070 I 1450 (Pa r02-0 005) 
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Discriminant Analysis Ear 2 Osteoporotic 

- and &-Matched Control Pairs 

Clinical .Gro,up 

Control Osteoporotic 

F L 23055 Hz-cm 
a 

F L 4 3055 €12-cm 
a 

23 I 5 

5 23 

The mean age of these women was 74 years, 
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FIGURE 1: Apparatus f o r  measurement of ulnar  resonant frequency. 

The l6fkAtlas PD-4V dr iver  vas modified by addi t ion of a small 

l u c i t e  pis ton bonded t o  the  diaphragm with epoxy cement. 

piston makes contact with the  elbow of the subject ,  

response is  detected w i t h  a small c r y s t a l  accelerometer strapped 

t o  t h e  w r i s t .  

by: (1) scanning a frequency range and recording response as a 

function of frequency, or  (2) 
maximum response as measured on t he  monitoring oscilloscope or 
voltmeter. 

The 
The ulnar 

The resonant frequency of t h e  ulna may be determined 

tuning the audio o s c i l l a t o r  t a  obtain 
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FIGURE 2: Acceleration spectrum d f  the driver p is ton (bottom) and 

o f  the  ulnar styloid (top) for a typ ica l  adult .  

resonance at  about 290 Hz. 

Note the  ulnar 
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FIGURE 3: 

the wrist, following a short-duratfon impact at the elbow. The 
frequency of oscillation i s  about 320 Hz. 

Typical acceleration respanse of the ulna, measured at 
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1, Introduction 

Recent experience with determination in vivo of bone resonant 

frequency has suggested a number of improvements to be incorporated 

in a second generation apparatus. 

in the development of such an improved apparatus and contrasts the 
1 improvements with the characteristics of the currently used unit. 

This report describes progress 

2. General Discussion of Electronic 
I 

Our present apparatus requires approximately 25 seconds to 

sweep a frequency decade, Then, the unit must be reset by 

backtracking over the same range before another frequency scan can 

be made, Hence, a total of about 50 seconds is required €or each 

sweep, The improved apparatus uses a faster drive motor so a 

frequency decade can be scanned in about 10 seconds. In addition, 

the frequency control ganged precision potentiometers) can be 

rotated through 360'. Therefore, no backtracking or resetting is 

necessary, and a total of only 10 seconds is required for each 

sweep when repeated sweeps are to be made. The improvement in 

sweep speed reduces the time the subject must hold still and makes 

it less likely that inadvertent movement will reduce the response 

spectrum quality 
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The frequency decades used on the existing apparatus are 

20-200 Hz and 200-2000 Hz, 

the ulnae of normal sub ects are usually in the range 200-400 Hz, 

while the resonant frequencies observed in osteoporotic patients 

are usually in the range 60-150 Hze2 

The transverse resonant frequencies of 

Consequently, the frequency 

range of the existing apparatus must be switched to cover all 

observed ulnar resonant frequencies, and recording spectra for 

subjects with ulnar resonances of about 200 Hz is difficult. The 

improved unit is designed to cover a range of approximately 75~500 Hz 

in one scan. 

The frequency response of the existing oscillator and power 

amplifier is essentially constant (within 25%) over the frequency 

range used, but the driver amplitude response is not (Figure 1). 

The improved apparatus incorporates a compensation network 

between the oscillator and power amplifier to flatten the combined 

oscillator-amplifier-driver frequency response characteristic in 

the range 50-500 Hz, 

The existing apparatus uses the oscillator B+ supply to furnish 

a reference voltage for the shaft position potentiometer. The 

output of this potentiometer hen drives the X-axis (frequency axis) 

of the recording device, e B-~voltage supply is not regulated and 

can vary considerably during short time interva s if line voltage 
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f luctuates ,  

X-axis scale t o  a constant f u l l  scale def lect ion e i the r  by 

adjusting the recorder gain or  by employing a correction fac tor  

when determining the  resonant frequency, 

uses a regulated (Zener diode) power supply fo r  the shaf t  posi t ion 

potentiometer reference voltage, Compensation fo r  var iable  X-axis 

One i s  therefore  required t o  repeatedly correct  t he  

The improved apparatus 

sens i t i v i ty  i s  therefore  unnecessary, 

A t  the  present time, a simple amplifier,  r e c t i f i e r ,  and f i l t e r  

combination is used t o  de tec t  the  response of t he  sensing 

accelerometer and yield a voltage which is proportional t o  the  

amplitude of the  accelerometer output voltage, Upon occasion, the 

ulna w i l l  v ibra te  a t  a frequency which i s  a subharmonic or  an 

overtone of t he  dr iving frequency; t h i s  causes an ambiguity i n  

determination of the resonant frequency. 

I 

The present un i t  makes no 

provision for  t h i s  poss ib i l i t y ,  Also, muscle tremor, ar ter ia l  

pulses ( the ulnar a r t e ry  of ten passes e lose to the  ulnar  s tyloid) ,  

etc, are a l l  superimposed on the accelerometer output: and a f f e c t  

the qua l i ty  of the frequency response recording. The improved 

apparatus w i l l  incorporate a narrow bandpass f i l t e r  i n  the detector  

c i r c u i t  which can t rack  the  o s c i l l a t o r  output, Thus, a l l  frequency 

components i n  the accelerometer output other than the o s c i l l a t o r  

driving frequency w i l l  be re jected,  



4 

The new apparatus will also incorporate an integrator circuit 

so that the velocity amplitude response spectrum of the bone will 

be recorded rather than the acceleration amplitude response spectrum, 

Since the frequency of maximum velocity response is identical to the 

resonant frequency while the frequency of maximum acceleration 

response only approaches the resonant frequency as a limit when the 

damping factor becomes infinitesimal, correction for the existence 
3 of finite damping (limited Q) will. not be necessary. 

To summarize, then, the following improvements are to bg 

incorporated in the new apparatus: 

1. Faster frequency drive motor, 

2, 

3 .  

4 .  

No resetting necessary for repeated frequency scans, 

Frequencies of 50-500 Hz covered by one scan, 

Frequency response of oscillator-power amplifier system 

corrected for frequency response of driver, 

Regulated reference voltage used for oscillator frequency 

control shaft position indication, 

5. 

6, Narrow bandpass filter which tracks oscillator output 

frequency incorporated into detection circuit, and 

7. Integrator circuit incorporated into detector to provide 

velocity amplitude response measurement. 
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3. D e s i @  $ Electronic 

A block diagram of the improved electronic  apparatus is shown 

i n  Figure 2, 

The output frequency of rhe o s c i l l a t o r  and the center frequency 

of the  bandpass f i l ter  w i l l  be controlled by ident ica l  ganged twin-T 

networks which use precision capacitors and potentiometers (Figure 3 ) ,  

Balance and trimmer potentiometers a re  incorporated in to  each network 

t o  allow for  precise  matching, A small synchronous motor (6 RPM) i s  

connected t o  the  twin-T network potentiometers-thus control l ing the 
8 

frequency se t t i ng  of these networks, An addi t ional  precision 

potentiometer is ganged on the same shaf t  i n  order t o  provide a 

shaf t  posi t ion indicat ion ( X - a x i s ) ,  The twin-T potentiometers and 

the shaf t  posi t ion indicat ion potentiometer a r e  aligned i n  such a 

way t h a t  the frequency se t t i ng  of the networks and the voltage 

output of the indicat ion c i r c u i t  both increase s teadi ly  with time 

fo r  10 seconds and then reset for  the next dr ive motor revolution, 

The o s c i l l a t o r  i s  a so l id  state device which uses the  twin-T 

network described above t o  control  output frequency. It uses small 

incandescent lamps as nonlfnear elements t o  s t a b i l i z e  the  output, 

The o s c i l l a t o r  c i r c u i t  is  shown i n  Figure 4, 

The compensation network was devised empirically from a 
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network of capacitors and resistors to provide a relatively flat 

driver response characteristic as a function of frequency. 

The 10 watt solid s ate amplifier (class AB power stage) 

provides a frequency response characteristic which is flat within 

225% in the range 15-25000 Hz. 

sham in Figure 5 .  

The circuit of this amplifier is 

The preamplifier will use a field effect transistor circuit to 

provide a high input impedance (10-20 Megohms) for the crystal 

pickup (accelerometer), 

by an integrated circuit operational amplifier (open loop gain of 

approximately 10 ) to bring the microvolt level signal from the 

accelerometer up to a useful level. 

The output of this stage will be amplified 

6 

The narrow bandpass filter will use an integrated circuit 

operational amplifier with a twin-T network in the feedback loop. 

The forward gain of this filter at the center frequency will be 

approximately 10, 

Another field effect transistor and operational amplifier 

circuit will integrate the signal before it is rectified and 

filtered by a capacitor, 

level proportional to the amplitude of the integrated (velocity) 

output of the accelerometer, 

Y-axis of the recording device (X-Y plotter or oscilloscope). 

The filter output will provide a voltage 

This voltage will be recorded on the 
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4 ,  ,T& Mechanical 

We are now testing a new arm support for ulnar resonant 

frequency measurements, This new support, shown in Figure 6, is 

constructed of aluminum channel rather than lucite in order to 

reduce material costs and fabrication time. 

The Atlas PD-4V driver is mounted transversely to the long 

axis of the ulna. Since the ulna resonates in the transverse mode 

at frequencies of less than 1000 Hz, this arrangement allows a 

greater ulnar amplitude response at resonance than does the previous 

(longitudinal excitation) arrangement for given driver power levels, 

2 

The driver piston is threaded for attachment of an accelerometer, 

This allows convenient determination of the driver frequency response 

characteristics under different loading conditions. 

improved apparatus will be 

5. Discussion 

It is anti iP ted that th mnplet 

At that time, and ready for extensive testing by September, 1969, 

d 

measurements of both short-term and long-term stability and accuracy 

of the apparatus will be made on excised bones, 

estimates of the long-term reproducibility of the ulnar resonant 

frequency determination in vivo will be made. 

In addition, 

Continued testing of 
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the apparatus will then be performed in a clinical environment in 

order to evaluate further improvements and simplifications in the 

procedure for estimation of bone quality. 

6 . References 
1. J. Me Jurist: In Vivo Determination of the Elastic Properties 

of Bone: I. Theory, Apparatus, and Method of Ulnar Resonant 

Frequency Determination, submitted for publication, 1969. 
I 

2. J. M, Jurist: 

of Bone: 111. Ulnar Resonant Frequency in Osteoporotic, 

Diabetic, and Normal Subjects, submitted for publication, 1969. 

.& Vivo Determination of the Elastic Properties 

3. J. M. Jurist and J. R. Cameron: In Vivo Measurement of Bone 

Quality, Symposium Bioengineering & Wisconsin, March, 1969. 
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FIGURE 1: 
of the ulnar styloid (top) for a typical adult, 
130 Hz, 1000 Hz, and 3000 Hz are in the driver, while the resonance 
at 10000 Hz is in the accelerometer, 

Acceleration spectrum of the driver piston (bottom) and 
The resonances at 
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1. Introduction 

In  order t o  determine the  modulus of e l a s t i c i t y  of an excised 

sample of bone, the speed of sound propagation through the bone 

sample should be determined, 

determined i n  several  ways, w e  a r e  studying exploi ta t ion of the 

resonant propert ies  of bone t o  obtain t h i s  parameter, 

Although the  speed of sound may be 

2. Theory 
I 

The bone sample should be machined i n t o  a uniform s t r i p  i n  

order t o  f a c i l i t a t e  calculat ion of the  e l a s t i c i t y  a s  a function of 

density, s ize ,  shape, and loading of t he  sample. Machining of 

bone samples should be done a t  low temperatures with the  samples 

kept moist i n  order t o  minimize changes i n  mechanical properties.  2,3 

I f  t he  bone sample is machined i n t o  a rectangular s t r i p  of 

length 1, width b, and thickness a, where a<bU, it w i l l  be l e a s t  

s t i f f  about i t s  l e a s t  dimension (a), 

vibrate  preferen t ia l ly  i n  a transverse d i rec t ion  with the  neut ra l  

Hence, the bone s t r i p  w i l l  

plane p a r a l l e l  t o  the  plane formed by b and 1. 
1 It can be shown t h a t  the periodic solut ion of  the equation 

of motion of a transversely vibrat ing bar of uniform cross section 

is  given by 
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(1) 

i f  the mater ia l  of the bar i s  homogeneous and i f  the bending of the 

bar i s  small, 

y = cos(wt++)(Acosh(wX/v) 9 Bsinh(wX/v) il- Ccos@X/v) + Dsin@JX/v)) 

I n  t h i s  equation, y i s  the displacement from the  

neutral  posi t ion of the  cross sect ion of the  bar a t  a point X along 

i ts  length ,w is  the  angular frequency of the sinusoidal vibration, 

and 9 i s  i t s  phase. A, B, C, and D a re  a rb i t r a ry  constants 

determined by boundary conditions, The fac tor  v i s  the  phase 

veloci ty  of transverse wave propagation along the  bar, and is given by 

(2) v = a  e I 

The speed of sound Propagation through the  material of the bar (c) 

i s  defined by 

(3) c =m * 

Y i s  the  e f fec t ive  Young's modulus and is  the  density of the bar 

K i s  defined as the  radius of gyqation of the cross  sect ion of the  

bar about i t s  neutral  axis and, fo r  a bar of rectangular cross 

section, i s  given by 

(4) K =  a 0 

I f  the  vibrat ing bar (Figure 1) i s  assumed t o  be r ig id ly  

clamped a t  one end (or igin of X-axis) so t h a t  the  slope and 

displacement a re  zero, the  boundary conditions are y =  0, and 

ay/AX = 0. 

X = 0 shows t h a t  C = 4, and D = -Be 
Subst i tut ion of equation (1) i n t o  these equations fo r  

I f  the  l a t te r  two equations 
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a re  subst i tuted back i n t o  equation (1)s the  equation of motion becomes 

(5) y = cos(ut+#) (A(cosh(wX/v)-cos(M/v)) +. B(sinh(wX/v)-sin(wX/v))) . 
I f  the  bar is  clamped so t h a t  i t s  f ree  length is  defined by L, 

and i f  the  end a t  X =  L i s  attached t o  a point mass M, the  boundary 

2 2 2 3  3 conditions a t  t h i s  end a re  t3 y/bX2 = 0, and Ma y/$t2 = YabK y/dX . 
When equation (5) i s  subst i tuted i n t o  these equations a t  X =  I,, and 

the  r e s u l t s  a re  combined t o  eliminate A and 33, one obtains 

(6) 

a f t e r  s implif icat ion by use of equations (Z), (3),  and (4). 

equation (6), d i s  defined by 

(7) oc= U L / V  . 

PabL 
cYM cosksinat - s i r h c o s s  - -(l+coshacosOS = 0 

T.p 

It i s  clear tha tPabL i s  the  mass of the  f ree ly  suspended portion 

of the bone s t r ip .  I f  the  mass of t h e  s t r i p  (dimensions a, b, 1) 

is defined by m, thenPabL = mL/l. Therefore, 

(8) cosMsinoc - sidwcoso( - (mL/Ml-C)(l+cosk#cosw) = 0 . 
This transcendental equation was  solved by the  method of 

successive approximations. The f i r s t  four solut ions a re  l i s t e d  fo r  

various m L / M l  i n  Table 1 and plot ted i n  Figure 2. 

without l i m i t  ( M 4  0) , equation ( 8 )  reduces to  cosk#cosw+l= 0. 

I f  mL/M1 increases 

This 

equation describes the l imit ing case of a bar r ig id ly  clamped a t  

one end and f r e e  a t  t he  other (M+O), and has the  solutions 

a < =  1.8755, 4.6935, 7,8540, 10.9956, c l r o  . Note t h a t  the solut ions 
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of equation (8) p lo t ted  i n  Figure 2 approach these limits as M +  0. 

The other l imit ing case occurs when M is  allowed t o  increase 

without l i m i t  (m/M+ 0), thus reducing equation (8) t o  

cosksinol-sinhMcoseC-- 0. This l i m i t  corresponds t o  a bar r ig id ly  

clamped a t  one end and connected t o  a r i g i d  support by a hinge a t  

the other  and has the  solut ions d = 0 ,  3,9265, 7.0686, 10.2102, , 

Again, Figure 2 shows t h a t  the  solutions of equation (8) approach 

these limits as mL/Ml-+ 0. 

vibrat ion which correspond t o  the  solut ions f o r  t he  l imit ing cpses. 

The nodal points f o r  the l imit ing cases are given i n  Table 2. 

Figure 3 i l l u s t r a t e s  the modes of 

Method 3. - 
The basis  for  determination of Young's modulus fo r  a s t r i p  of 

bone is now established (Figure l), 

width b, thickness a s  and mass m is clamped so t h a t  a length L 

projects  f r ee ly  from t h e  clamp, an accelerometer of mass M may be 

mounted on the free end, The allowed values o f d  may be obtained 

from e i t h e r  Table 1 or  Figure 2 a f t e r  mL/Ml is  calculated. 

resonant frequency of the  bone s t r i p  and attached accelerometer 

f o r  a given vibrat ional  mode i s  defined by F, then it is  clear 

from equations (2), (3) ,  (4), and (7) t h a t  

If  a bone s t r i p  of length 1, 

If  the  
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(9) Y = 4€dL4mF2/a3bl~4 

since w3 WF. 

4. Discussion 

It is recognized that a number of assumptions were made in 

deriving equation (9): Bone is a homogeneous and perfectly elastic 

material, all deflections are small, the clamp is perfectly rigid 

(infinite mass), and the load (M) is a point mass, Studies are 

presently underway in our laboratory to determine the validity of 

these assumptions. 

I 

5. 

1. 

2. 

3. 
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mL/Ml 

0 . 0001 
0.0002 

0 . 0005 
0.0010 
0.0020 
0,0050 
0.0100 
0.0200 
0 . 0500 
0 . 1000 
0 . 2000 
0 . 5000 
1 . 0000 
2 .oooo 
5 ooooo 
10 . 0000 
20 0 0000 

50.0000 
100 . 0000 
200 . 0000 
500 . 0000 
1000 00000 

I__ Table L 

AllowedM for Various mL/Ml 

I___ O(1 

0.1316 
0 . 1565 
0.1968 
0 . 2340 
0.2783 
0.3499 
0.4159 
0.4943 
0.6205 
0 . 7358 
0.8700 
1.0762 
1 . 2479 
1.4200 
1.6164 
1 . 7227 
1.7918 
1.8393 
1.8568 
1.8658 
1.8714 
1.8732 

- OC2 

3.9266 
3.9266 
3.9267 
3.9267 
3,9268 
3.9272 
3.9278 
3.9290 
3.9326 
3 09385 
3.9500 
3.9826 
4.0311 
4.1111 
4.2671 
4.3995 
4.5127 
4,6100 
4.6497 
4.6713 
4 . 6848 
4.6894 

6(3 

7.0686 
7.0686 
7.0686 
7.0687 
7.0687 
7.0689 
7.0693 
7 . 0700 
7.0721 
7.0756 
7 . 0825 
7 e 1026 
7 . 1341 
7 . 1903 
7.3184 
7.4511 
7.5863 
7,7218 
7.7827 
7.8172 
7.8393 
7 e 8470 

10 . 2102 
10.2102 
10 . 2102 
10 . 2102 
ld.2103 
10 . 2104 
10.2107 
10 02112 
10.2126 
10.2150 
10 . 2199 
10 2340 
10.2566 
10.2984 
10.4016 
10,5218 
10 6609 
10.8195 
10 8976 
10.9437 
10.9741 
10.9847 
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0 .oooo 
3.9265 
7,0686 
10 2102 

X Coordinates of Nodal Points 

for Different Modes of Vibration - 

m L / M 1 3  0 

Nodal Points (% of L) 

0.0 --- -0- '100 .o 
0 e o  --- -0- 100e0 

100.0 0.0 --.- 5505 
000 38.5 69.2 100.0 

-e" --- I-- 1.8755 0 .o 
4.6935 o 00 -e- "_* 77 e 4  

10.9956 0 .o 35 e6 64.4 90.5 
7 8540 0,o --- 50.0 86.8 
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X = O  

A Oirectiorr of 
allofred vibrot on 

Load (mass = M 

FIGURE 1: 

loaded by a mass M at X =  L, 
Rectangular strip of bone rigidly clamped at X =  0 and 
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10 

X I 0  XkL x=o X-L 

-00 
L 

M I  

FIGURE 3: 

cases. 

Modes of vibration of the bone s t r i p  for two l imiting 



Study of Bone S t r a i n  by Ho lograph ic  I n t e r f e r o m e t r y  

By: James M. Hevez i ,  Ph. D. 
Department of Radiology 
U n i v e r s i t y  of WisconsjLn 
Madison, Wiscons in  

P r e v i o u s  s t u d i e s  f r o m  t h i s  l a b o r a t o r y  ( 1 , 2 , 3 )  have p rov ided  

q u a n t i t a t i v e  d e s c r i p t i o n s  of b o t h  m i n e r a l  c o n t e n t  of bone,  t h rough  

photon a b s o r p t i o m e t r y ,  and bone q u a l i t y ,  t h r o u g h  r e s o n a n t  fre- 

quency d e t e r m i n a t i o n s .  I n  v i v o  and i n  v i t r o  s t u d i e s  a r e  p o s s i b l e  

w i t h  t h e s e  t e c h n i q u e s ;  t h e  r e s u l t s  may p r o v i d e  i n c r e a s e d  knowledge 

-- - 

of  t h e  p r o p e r t i e s  of bone. 

With t h e  adven t  of t h e  l a s e r  a s  a s o u r c e  of i n t e n s e ,  c o h e r e n t ,  

monochromatic l i g h t ,  and t h e  p i o n e e r i n g  e x p e r i m e n t s  of S t r o k e  ( 4 )  

and o t h e r s  (5) i n  t h e  f i e l d s  of l a s e r  i n t e r f e r o m e t r y  and ho lography ,  
I 

it  h a s  become p o s s i b l e  t o  v i s u a l i z e  b o t h  s m a l l  d i s p l a c m e n t s  o f  

s t r e s s e d  o b j e c t s  (6,7) and t h e i r  modes of v i b r a t i o n  (8) .  I n  

a p p l y i n g  t h e s e  t e c h n i q u e s  t o  b i o l o g i c a l  spec imens  s u c h  a s  bone,  

t h e r e  is an  i n h e r e n t  d i s a d v a n t a g e  i n  t h a t  o n l y  s t u d i e s  i n  v i t r o  

can  be made. However, i n f o r m a t i o n  o b t a i n e d  may be i m p o r t a n t  for 
- 

a more comple t e  knowledge of bone p r o p e r t i e s .  

Holography is n o t  d i f f i c u l t  t o  u n d e r s t a n d ,  and is m o d e r a t e l y  

e a s y  t o  p u t  i n t o  p r a c t i c e .  C o n s i d e r  a beam of c o h e r e n t  l i g h t  i n  

which t h e  phase  r e l a t i o n s h i p s  of t h e  w a v e f r o n t s  a r e  known. T h i s  

beam is s p l i t  i n t o  t w o  beams, one  of which i l l u m i n a t e s  t h e  o b j e c t  

t o  be photographed .  A p h o t o g r a p h i c  p l a t e  i n t e r c e p t s  t h e  l i g h t  

r e f l e c t e d  f r o m  t h e  object. S i m u l t a n e o u s l y ,  t h e  second beam ( t h e  

r e f e r e n c e  beam) impinges  d i r e c t l y  on t h e  p h o t o g r a p h i c  p l a t e .  The  

r e f e r e n c e  beam i n t e r f e r e s  w i t h  t h e  beam f r o m  t h e  o b j e c t ;  an i n t e r -  

f e r e n c e  p a t t e r n  is r e c o r d e d  on t h e  p h o t o g r a p h i c  p l a t e .  O n l y  t h e  



l i n e s  and whor l s  of t h e  i n t e r f e r e n c e  p a t t e r n  a re  p e r c e p t i b l e  

when t h e  p l a t e  is developed ,  However, when a facsimile of t h e  

o r i g i n a l  r e f e r e n c e  beam is directed o n t o  t h e  p l a t e ,  t h e  wave- 

f r o n t s  w h i c h  reached t h e  p l a t e  f roa t h e  object are r e c o n s t r u c t e d .  

Hence, when l o a k i n g  th rough  t h e  p la te ,  one  w i l l  see a three 

d imens iona l  image of t h e  object. 

S i n c e  t h e  hologram records a l l  of t h e  i n f o r m a t i o n  c o n t a i n e d  

i n  a w a v e f r o n t ,  t h e  images produced by t h i s  t e c h n i q u e  a r e  v e r y  

r e a l i s t i c .  A number o f  ob jec ts  can  be examined f ros  d i f f e r e n t  

v i e w p o i n t s ,  or one c a n  f o c u s  a t  d i f f e r e n t  dep ths  th roughou t  t h &  

r e c o n s t r u c t e d  image. 

For t h e  p u r p o s e s  of t h e  proposed  s t u d y ,  t h e  h o l o g r a p h i c  

p l a t e  c o n t a i n s  a l l  of t h e  i n f o r m a t i o n  ( ampl i tude  and; phase) 

n e c e s s a r y  f o r  i n t e r f e r o m e t r y .  If the  p l a t e  is exposed t w i c e ,  

one p a t t e r n  of i n t e r f e r e n c e  f r i n g e s  is formed a t  e a c h  e x p o s u r e ,  

Assuming t h a t  t h e  object and p l a t e  remain  u n d i s t u r b e d  between 

e x p o s u r e s ,  t h e  f r i n g e s  w i l l  be superimposed on one a n o t h e r  f u r t h e r  

l i g h t e n i n g  l i g h t  a r e a s  and d a r k e n i n g  d a r k  a r e a s .  I f ,  however, 

sane p a r t  of t h e  object h a s  moved between e x p o s u r e s ,  t h e  corre- 

spond ing  f r i n g e s  w i l l  have changed t h e i r  p o s i t i o n s .  From t h e  

r e s u l t i n g  p a t t e r n ,  a q u a n t i t a t i v e  d e t e r m i n a t i o n  of  t h e  d i sp lacemen t  

d i r e c t i o n  and magnitude of each p o i n t  of t h e  object c a n  be nade .  

Using t h i s  t e c h n i q u e  on e x c i s e d  bones ,  one c o u l d  a s s e s s  

s k e l e t a l  s t r a i n  p a t t e r n s  r e s u l t i n g  from a p p l i c a t i o n  of  stress t o  

t h e  proximal  and d i s t a l  e n d s ,  fo r  example.  The stresses a t  these 

p o i n t s  may be a p p l i e d  e i t h e r  t r a n s v e r s e l y  o r  l o n g i t u d i n a l l y  t o  

t h e  a x i s  o f  t h e  bone. I n  a d d i t i o n ,  s t r a i n  p a t t e r n s  c a u s s d  by 

a p p l y i n g  t o r q u i n g  stress may be v i s u a l i z e d .  T h i s  l a t t e r  s t u d y  

c o u l d  be a p p l i e d  t o  t h e  s t u d y  o f  s p i r a l  f r a c t u r e s  of t h e  t i b i a ,  



f o r  example.  

O b s e r v i n g  t h e  i n t e r f e r e n c e  p a t t e r n s  p roduced  by v i b r a t i n g  

bones  is a n o t h e r  poss ib l e  a p p l i c a t i o n  of holographic i n t e r f e r o m e t r y .  

I n  t h i s  case, t h e  m o t i o n  is s u c h  t h a t  t h e  i n t e r f e r e n c e  f r i n g e s  

a r e  moving r a p i d l y  t h r o u g h  t h e  f i e l d  of v iew i n  s y n c h r o n y  w i t h  t h e  

v i b r a t i o n .  Hence, i n  p r a c t i c e ,  t h e  f r i n g e s  w i l l  be  b l u r r e d  f o r  

a l l  b u t  t h e  lowest v i b r a t o r y  f r e q u e n c i e s .  However ,  i f  a strobo- 

s c o p i c  c o h e r e n t  beam is u s e d  t o  i l l u m i n a t e  t h e  v i b r a t i n g  bone ,  

t h e  f r i n g e  mot ion  may be a r r e s t e d  i f  t h e  s t r o b o s c o p i c  f r e q u e n c y  

is e q u a l  t o  or a n  i n t e g r a l  m u l t i p l e  of t h e  f r e q u e n c y  of t h e  

v i b r a t i o n  of t h e  bone .  Such a s t u d y  would allow direct d e t e r m i -  

n a t i o n  of t h e  modes of v i b r a t i o n  of bones  f o r  d i f f e r e n t  boundary  

c o n d i t i o n s ,  p l a n e s  of v i b r a t i o n  and  e x c i t a t i o n  p o i n t s f  
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BONE AS THE RESONANT ELEMENT IN A FEEDBACK OSCILLATOR 

C h a r l e s  R. Wilson, C l i f f o r d  E. Vought and John R. Cameron 

J u r i s t  (1969) reported on a method for t h e  de t e rmina t ion  

of the r e s o n a n t  f requency of bone i n  v i v o  by o b t a i n i n g  t h e  

ampl i tude  response  of t h e  bone t o  v i b r a t o r y  e x c i t a t i o n  as a 

f u n c t i o n  of frequency.  A new method for  t h e  de t e rmina t ion  of 

t h e  r e sonan t  f requency  is being  i n v e s t i g a t e d ,  I n s t e a d  of 

d r i v i n g  t h e  bone through a range  of f r e q u e n c i e s  t h e  bone is 

incorpora t ed  i n t o  t h e  c i r c u i t  of a feedback osci l la tor .  F igu re  

1 shows t h e  met.hod a p p l i e d  t o  t h e  u lna .  By t app ing  t h e  elbow 

a small t r a n s i e n t  v i b r a t i o n  which w i l l  i n c l u d e  t h e  reF0nan-t 

f requency of t h e  u lna  is produced, T h i s  v i b r a t i o n  is detected 

by t h e  t r a n s d u c e r ,  t h e  s i g n a l  is a m p l i f i e d  and fedback t o  t h e  

d r i v e r  

r e l a t i o n s h i p s  are correct. The bone con t inues  t o  v i b r a t e  and 

t h e  f requency can be measured by us ing  a scaler or ratemeter 

as a f requency meter. I 

-IcI 

* 
which r e i n f o r c e s  t h e  r e sonan t  f requency i f  t h e  phase ** 

The frequency a t  which o s c i l l a t i o n s  occur  for a s u b j e c t  have 

been i n  g e n e r a l  lower w i t h  t h e  p r e s e n t  equipment than  t h e  r e sonan t  

f requency determined by f i n d i n g  t h e  maximum ampli tude response.  

A d i f f e r e n c e  is t o  be expec ted  i n  t ha t  the c o n d i t i o n s  fo r  t h e i r  

de t e rmina t ion  are n o t  t he  same. I n  t h e  first case, o s c i l l a t i o n  

occur s  when t h e  s i g n a l  from t h e  accelerometer is i n  t h e  p r o p p  

phase r e l a t i o n s h i p  w i t h  t h e  dr iver  v i b r a t i o n s  so  t h a t  r e i n f o r c e -  

ment of t h e  v i b r a t i o n s  i n  t h e  bone can t a k e  place, While i n  t h e  

* Piezoelectric Accelerometer: Model 2219, Gndevca Corpora t ion ,  
Pasadena, C a l i f o r n i a  

** Ashworth Sound Reproducer Model 250 a v a i l a b l e  from A l l i e d  
Electronics,  Chicago, I l l i n o i s  
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second c a s e  t h e  frequency determined a t  t h e  maximum ampli tude 

does n o t  depend upon t h e  phase between t h e  accelerometer s i g n a l  
i 

and the  d r i v e r  v i b r a t i o n .  

A series of measurements were made on one s u b j e c t  t o  check 

t h e  r e p r o d u c i b i l i t y  of t h e  method., Eleven measurements were 

made o v e r  a period of one week, each measurement was t h e  average  

of t e n  separate frequency de te rmina t ions .  The t y p i c a l  pe rcen t  

s t a n d a r d  d e v i a t i o n  of a set  of 10 de te rmina t ions  w a s  about  3%. 

The s t a n d a r d  d e v i a t i o n  of t h e  e l e v e n  measurements was 1.5%. A 

s imilar  s t u d y  is now be ing  carried o u t  t o  e v a l u a t e  t h e  long t e r m  

p r e c i s i o n  of t h e  method. 
I 

I n  one s t u d y  the  frequency w a s  measured by us ing  a ratemeter 

and recorder t o  f i n d  t h e  v a r i a t i o n  i n  t h e  r e sonan t  f requency 

under v a r i o u s  c o n d i t i o n s .  F igure  2 shows t h e  ratemeter ou tpu t  

for 84 seconds i n  which v a r i a b i l i t y  w a s  i n t e n t i o n a l l y  produced 

by moving t h e  arm about  t o  change t h e  c o n t a c t  p o i n t  of t h e  d r i v e r  

a t  t h e  elbow and the  accelerometer a t  t h e  w r i s t .  The maximum 

spread is about  + 4%. By ho ld ing  t h e  arm s t a t i o n a r y  t h e  frequency 

does n o t  vary more t h a n  + 3%e The breaks i n  t h e  curve  a r e  those 

p o i n t s  at which ei ther t h e  o s c i l l a t i o n  ceases because of f a i l u r e  

of proper  feedback c o n d i t i o n s  or t h e  bone goes i n t o  o s c i l l a t i o n  

- 
- 

a t  a d i f f e r e n t  f requency.  I n  g e n e r a l  there appea r s  t o  be three 

common modes of v i b r a t i o n  fo r  t h e  small number of a d u l t  s u b j e c t s  

tested t o  date. The f r e q u e n c i e s  are on t h e  order of 200Hz, 

l O O O H z ,  and 2200Hz. 

A c l i n i c a l  s t u d y  is now be ing  started t o  determine t h e  

f requency of o s c i l l a t i o n  fo r  p a t i e n t s  s een  i n  o u r  laboratory 
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for bone mineral  tests. Data is also being; collected on 

normal s u b j e c t s .  Although a l l  t h e  c u r r e n t  measurements are  

on t h e  u l n a ,  t h e  t echn ique  has been appl ied  t o  t h e  mandible ,  

t i b i a ,  clavicle and s k u l l .  

The equipment for making t h e  measurements is bas i ca l ly  

simple and inexpens ive .  Details can  be o b t a i n e d  by w r i t i n g  

t h e  a u t h o r s .  
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BODY COMPOSITION BY ABSORPTIOMETRY 

OF MONOENERGETIC RADIATION 

Richard  B. Mazess,  John R. Cameron and James A .  Sorenson 

S e v e r a l  a u t h o r s  have i n d i c a t e d  t h a t  t h e  f r a c t i o n a l  

compos i t ion  o f  a multi-component mater ia l  can  be de te rmined  

th rough  measur ing  t h e  a t t e n u a t i o n  of gamma r a d i a t i o n  by t h e  

s u b s t a n c e  a t  s e v e r a l  e n e r g i e s .  The a t t e n u a t i o n  o f  mono- 

e n e r g e t i c  r a d i a t i o n  i n  a s i n g l e  a b s o r b e r  is d e s c r i b e d  by: 

- PX 
1 = 1  or log Io - l o g  I = px (1) 0 

where I is t h e  beam i n t e n s i t y  a f t e r  p a s s i n g  th rough  t h e  

a b s o r b e r ,  

a b s o r p t i o n  c o e f f i c i e n t  ( c m  /g) of t h e  a b s o r b e r ,  and x is tYle 

mass of t h e  absorber (g/cm ) i n  t h e  beam. For a complex 

a b s o r b e r  t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  (k t )  a t  any s i n g l e  

ene rgy  is t h e  sum of t h e  f r a c t i o n a l  a b s o r p t i o n  c o n t r i b u t i o n s  

of t h e  v a r i o u s  components of t h e  mater ia l :  

Io is t h e  i n i t i a l  beam i n t e n s i t y ,  p is the mass 
2 I 

2 

( 2 )  - 
+ pnfn pt - pafb  + Pbfb  .... e.. 

where pa is t h e  a b s o r p t i o n  c o e f f i c i e n t  of component a ,  and f a  

is t h e  f r a c t i o n a l  c o n t r i b u t i o n  of a t o  t h e  t o t a l  mass. For a 

m a t e r i a l  coxposed of n coxponents  i t  is p o s s i b l e  t o  d e r i v e  t h e  

f r a c t i o n a l  compos i t ion  by s o l v i n g  a series o f  n e q u a t i o n s  of 

t h e  f o r m  o f  (l), and u s i n g  e q u a t i o n  (2) ,  w h s r e  e a c h  e q u a t i o n  

describes an  a b s o r p t i o n  measurement a t  a d i f f e r e n t  ene rgy .  I n  

p r a c t i c e ,  however, i t  is q u i t e  d i f f i c u l t  t o  u s e  a b s o r p t i o m e t r y  

a t  d i f f e r e n t  e n e r g i e s  f o r  compos i t ion  of complex m i x t u r e s  because  

of t h e  cumula t ive  u n c e r t a i n t i e s  o f  t h e  measurements a t  each  

ene rgy .  Moreover, i t  is d i f f i c u l t  t o  o b t a i n  conven ien t  mono- 
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e n e r g e t i c  s o u r c e s  i n  many of t h e  most u s e f u l  ene rgy  r anges .  

We have p r e v i o u s l y  s u g g e s t e d  i n  s e v e r a l  p u b l i c a t i o n s  

t h a t  a b s o r p t i o n  measurements a t  t w o  e n e r g i e s  c o u l d  ba u s e d  

t o  measure t h e  r e l a t i v e  compos i t ion  of :  (1)  l e a n  ce l lu la r  

mass v e r s u s  f a t  mass i n  s o f t - t i s s u e  i n  v i v o  and (2 )  o r g a n i c  

v e r s u s  i n o r g a n i c  ( m i n e r a l )  i n  e x c i s e d  bone. I n  m o s t  o f  o u r  

work t o  d a t e  a b s o r p t i o n  measurements were done w i t h  241Am 

(60 kev)  or a t i n - f i l t e r e d  1251 s o u r c e  (27 .4  kev) . A con- 

v e n t i o n a l  s i n g l e  c h a n n e l  a n a l y z e r  sys tem w i t h  s ’ka l e r / t imer  

and d i g i t a l  o u t p u t  h a s  been  used.  

t o  t h a t  w i t h  241Am p r o v i d e s  a d i r e c t  i n d e x  of r e l a , t i v e  compo- 

s i t i o n .  For example,  i n  bone 100% m i n e r a l  g i v e s  a r a t i o  of 

7 .0  and 100% c o l l a g e n  2 .0 ;  i n  s o f t - t i s s u e  100% l e a n  g i v e s  a 

r a t i o n  of 2.10 and 100% f a t  1 .52 .  I n  t y p i c a l  d r y  bone a 2% 

u n c e r t a i n t y  i n  t h e  1251/241Am g i v e s  a f r a c t i o n a l  u n c e r t a i n t y  

The r a t i o  of 1251 a b s o r p t i o n  

o f  0 .02 .  I n  t y p i c a l  human s o f t - t i s s u e  a 2% error i n  t h e  r a t i o  

g i v e s  an  u n c e r t a i n t y  i n  f r a c t i o n a l  compos i t ion  of abou t  0.06 

t o  0 .07 .  Thus,  s o f t - t i s s u e  compos i t ion  measurements r e q u i r e  

a b s o r p t i o n  d e t e r m i n a t i o n s  o f  h i g h  p r e c i s i o n  and accu racy .  

Our i n i t i a l  work i n  measur ing  t h e  c o l l a g e n - m i n e r a l  compo- 

s i t i o n  o f  bone w a s  i n c o m p l e t e ,  b u t  s u g g e s t e d  t h a t  r e l a t i v e  

compos i t ion  c o u l d  be measured w i t h i n  a b o u t  2%. F a r  more 

e x t e n s i v e  work has been done i n  e v a l u a t i n g  t h e  composi t ion  of 

s o f t - t i s s u e .  P r e c i s i o n  and accu racy  have  been assessed u s i n g  

v a r i o u s  s o f t - t i s s u e  phantoms ( p o l y e t h y l e n e  and sodium ace ta te ;  

p a r a f f i n  and wa te r )  a s  w e l l  a s  meat samples  ( f a t  c o n t e n t  

de t e rmined  by l i p i d  e x t r a c t i o n ) .  Measurements were made a t  a 
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single location in mixtures of known composition. The 

uncertainties in the 1251/241Am ratio were held to about 

1 to 2%; use of water and lard as absorption standards 

halved the variability associated with varying measurement 

conditions. Fractional composition in these experiments 

was estimated within about 0.03 and the correlation coeffi- 

cients wers about 0.98. 

The first applications of absorption methods for soft- 

tissue measurement were limited to single point measure- 

ments. With careful repositioning the reproducibility of 

these measurements was high, and with high total counts the 

error of the 125~/241A~ ratio was held to 0.5%; this allowed 

an uncertainty of only 0.02 in the fraction of fat. However, 

small variations in positioning of a single point can lead 

to large compositional differences in the same person, and 

it is difficult to locate corresponding points in any series 

of subjects. Consequently a scanning method has been developed 

to allow determination of conposition in a linear path across 

an accessible area, usually the middle of the upperarm. Scan- 

ning across a limb aids relocation in the same person, and 

facilitates intercomparison among individuals. Repositioning 

may alter the total tissue mass scanned but the relative compo- 

sition of the limb is fairly uniform thus eliminating a major 

source of error. In addition, the scanning procedure permits 

direct determination of the lean cellular, fat, and bone mineral 

mass at the measurement site. Theoretically a third energy 

would be needed to have simultaneous absorptiometric measurement 

8 
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o f  bone m i n e r a l  together w i t h  s o f t - t i s s u e .  However, t h e  

a b s o r p t i o n  c o e f f i c i e n t  of bone m i n e r a l  is much g r e a t e r  t h a n  

t h a t  o f  s o f t - t i s s u e  and t h e  m i n e r a l  a b s o r p t i o n  is s h a r p l y  

demarca ted  i n  t h e - t y p i c a l  s c a n .  T h i s  p e r m i t s  s e p a r a t i o n  of 

t h e  m i n e r a l  a b s o r p t i o n  w i t h o u t  u s e  of t h e  t h i r d  ene rgy .  

T y p i c a l  upperarm s c a n s  on a f a t  p e r s o n ,  and on a t h i n  p e r s o n ,  

a r e  shoxn i n  F i g u r e  1. Immediate r e p r o d u c i b i l i t y  of these 

s c a n s  is h i g h ;  i n  a series of r e p l i c a t e  s c a n s  on 6 3  s u b j e c t s  

t h e  u n c e r t a i n t y  for  bone m i n e r a l  c o n t e n t  was 2% w h i l e  t h a t  f o r  

s o f t - t i s s u e  a b s o r p t i o n  w a s  abou t  0.5%. 

There  a r e  s e v e r a l  problems a s s o c i a t e d  w i t h  t h f s  new 

s c a n n i n g  p rocedure .  S u b j e c t  movement c a n  s e r i o u s l y  a f f e c t  

r e s u l t s ;  w e  f i n d  i t  advantageous  t o  u s e  t h e  ave rage  of s e v e r a l  

f a s t - s p e e d  s c a n s  t o  minimize t h i s  problem. Sources  o f  h igh  

a c t i v i t y  a r e  needed t o  i n s u r e  adequa te  c o u n t s  d u r i n g  t h e  s c a n  

of t h e  t i s s u e  and bone. Such s o u r c e s  w i l l  g i v e  h igh  coun t  

r a t e s  w i t h  a n  u n a t t e n u a t e d  beam and a p p r o p r i a t e  c o r r e c t i o n s  

must be made f o r  loss  of c o u n t s  due t o  sys tem deadt ime.  I n  

s c a n n i n g  t h e  upperarm w e  u s e  a detector c o l l i m a t i o n  of 3-mm w i t h  

a 100 t o  200 m C i  s o u r c e  of 1251 and 6-mm w i t h  a 125  m C i  source 

of 241Am; t h e  s o u r c e  c o l l i m a t o r  d i s t a n c e  is abou t  1 7  c m .  

L a r g e r  c o l l i m a t i o n  produced problems w i t h  s c a t t e r e d  r a d i a t i o n .  

The r a d i a t i o n  f r o x  2 4 1 8 m  is monoenerge t ic  b u t  1251 has s e v e r a l  

low ene rgy  peaks  and s u i t a b l e  t i n  f i l t e r i n g  is n e c e s s a r y  t o  

i n s u r e  a narrow spec t rum.  Contaminants  i n  1 2 5 ~  sources, 

i n c l u d i n g  1261, may g i v e  problems.  

or o the r  l o w  e n e r g y  s o u r c e s  s u c h  a s  Io9Cd  or 210Pb, may prove 

Brehmstrahlung s o u r c e s ,  

u s e f u l .  To i n s u r e  t h e  best p r e c i s i o n  and accu racy  c a l i b r a t i o n  
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s t a n d a r d s  should be used w i t h  t h e  same geometry and g e n e r a l  

c o n d i t i o n s  as i n  s u b j e c t  measurement, 

R e p l i c a t e  s c a n  de te rmina t ions  of s o f t - t i s s u e  a b s o r p t i o n  

were made on n i n e . s u b j e c t s  af ter  a six-month i n t e r v a l  t o  assess 

long-term p r e c i s i o n .  The error  fo r  both  1251 and 241Am s c a n s  

w a s  about 2.5%. 

w a s  more h igh ly  r ep roduc ib le ,  i n d i c a t i n g  t h a t  p a r t  of t h e  

d i f f e r e n c e  between s c a n s  a t  the t w o  t i m e s  r e f l e c t e d  a c t u a l  

changes of sof t - t i s sue  m a s s ,  most probably due t o  r e p o s i t i o n i n g .  

The mean d i f f e r e n c e  between t h e  ra t ios  a t  t h e  t w o  t i m e s  was 

about 1.7%. 

t i m e s  each  du r ing  a n i n e  month pe r iod  (Table 1). Even w i t h o u t  

c a r e f u l  r e l o c a t i o n  of s c a n  s i tes  i t  appea r s  t h a t  sof t - t i s sue  

The r a t i o  of t h e  1251 t o  241Am t i s s u e  s c a n s  

I n  t w o  s u b j e c t s  remeasurements were mFde f i v e  

a b s o r p t i o n  can be determined r e l i a b l y  (2 t o  3% e r r o r ) ,  and t h e  

1251/241Am r a t i o  can be measured w i t h  even h i g h e r  p r e c i s i o n  

(about  l%)o An error of t h i s  magnitude is n e g l i g i b l e  w i t h  

r ega rd  t o  t h e  l e a n - t i s s u e  mass i n  a l imb,  b u t  under u s u a l  

c o n d i t i o n s  t r a n s l a t e s  i n t o  a n  error of about 3 t o  4% i n  t h e  

r e l a t i v e  f a t  con ten t .  

.........................*.....,...... 
Table 1 - Repeat measurements  a t  5 t i m e s  over  a 9-month per iod  

i n  t w o  s u b j e c t s  

Sub jec t  - 1251 Tis sue  Scan Ratio 125 I ,241Am 241Am T i s sue  Scan ----- _I_ ----- -LI_ -_-- -- 
Mean 69.6 

cv 2.80% 
RW SD 1 .95  

Mean 104.5 

cv 2.94% 
RBM SD 3.07 

144.2 2.070 
3.72 0.006 
2.58% 0.27% 

214.2 2.045 
8.32 0.026 
3.88% 1.28% 
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On a standard measured several times the coefficient 

of variation was about 1.2%for both 1251 and 241Am scans, 

as well as for the 1251/241Am ratio. This error amounted 

to 0.019 units or about ,033 in fractional composition. 

We are currently studying the composition relationships 

at different body sites and examining the association of 

these measurements with total body composition, as measured 

by whole-body 40K counting, hydrometric body density, and 

tritium dilution. In 19 subjects measured in preliminary 

work we found a high correlation (r = 0.98) between the 

absorptiometric measure of soft-tissue mass and ciqcumference 

of the upperarm. In these same subjects the 1251 /241Am ratio 

was highly negatively correlated (r = 0.91) with the tricaps 

fatfold measurement (using Lange constant tension calipers). 

We do not feel that the absorptiometric measures are 

merely costly and time-consuming elaborations of anthropometric 

and fatfold measures, but rather that soft-tissue absorptiometry 

eliminates the many errors inherent in the latter indirect 

measures and will provide precise and accurate indications of 

both local and total body composition. For example it appears 

that composition of the upperarm in young adults is about 3.6% 

fat, 81% lean-tissue, and 3% bone mineral. Similar values might 

be expacted for total body composition. Total soft-tissue, 

lean-tissue, and bone mineral mass and the relative composition 

can be measured with very high precision and accuracy; the rela- 

tive fat composition involves a somewhat greater error. 

The absorptiometric measures have already been used to 

evaluate soft-tissue and compositional changes during low 
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protein-low calcium diet(see USAEC Report C00-1422- 

Further data is being collected to define normative patterns 

to aid in clinical and diagnostic applications, and to provide 

ancillary information to absorptiometric evaluation of skeletal 

status. We are also evaluating use lo9Cd to determine the 

water and fat content of adipose tissue; this will provide 

a clinical and diagnostic index of obesity. 
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COO-1422-56 

A PQRTABUZ UNIT FOR DETERMINATION OF BONE 
AL CONTENT BY PH ABSQRPTI QMETRY 

Richard B. Mazess and John R. Cameron 

I n  l a s t  y e a r s  progress  r e p o r t  we described our i n i t i a l  

work on the po r t ab le  bone mineral  u n i t  (CW-1422-39). I n  

nea r ly  a l l  work i n  t h i s  l abora tory  over t h e  pas t  10 yea r s  t h e  

d i g i t a l  count d a t a  f o r  bone mineral  absorptiometry was obtained 

from a sca l e r / t imer  and analyzed on a de&-top c a l c u l a t o r  or 

computer. Th i s  procedure was t ime-consuming, r equ i r ed  expensive 

i n t e r f a c i n g  and output equipment, and was error-prone. A 

t echn ic i an  or programmer was needed t o  handle t h e  da t a  and 

in spec t ion  of da t a  was delayed. 

analog r a t h e r  t han  d i g i t a l  techniques;  immediate direct d i g i t a l  

readout of bone mineral  conten t  and bone width  is provided. 

The new por tab le  ;system uses  

The po r t ab le  e l e c t r o n i c s  s y s t e m  c o n s i s t s  of a high vol tage 

supply for the photomul t ip l ie r  tube ,  p reampl i f ie r -ampl i f ie r ,  and 

s i n g l e  channel ana lyzer .  In s t ead  of a sca le r / t imer  , however, t h e  

analyzer  output goes t o  a ra temeter  and then  t o  a novel logari thmic 

conve r t e r - in t eg ra to r  u n i t  (Figure 1) . This  u n i t  provides  

logari thmic conversion of the  ra temeter  s i g n a l .  An i n i t i a l  

adjustment is made f o r  each bone scan t o  compensate f o r  t h e  

varying base l ine  leve l  ( r e f l e c t i n g  s o f t - t i s s u e  abso rp t ion ) .  

The d e f l e c t i o n  from t h e  base l ine  l e v e l  is de tec t ed  by a comparator 

which a c t i v a t e s  a reed r e l a y  t o  s t a r t  and s t o p  i n t e g r a t i o n .  

T h i s  t h re sho ld  l eve l  can be ad jus t ed  f o r  use w i t h  d i f f e ren t  

photon sources .  Mineral conten t  and bone width a r e  determined 

w i t h  the  i n t e g r a t o r  c i r c u i t s ;  i n t e g r a t i o n  is l i n e a r  over t he  

u s e f u l  range, leakage is l o w ,  and t h e  values  obtained a r e  displayed 
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on a d i g i t a l  pane l  meter w i t h  high input  impedance. 

I n  one experiment 6 ashed bone s e c t i o n s  were scanned 

repea ted ly  (10 t i m e s  each) a t  both f a s t  and s l o w  speeds (1 and 

0.5 mm/sec). The bones were scanned under 5 c m  of water t o  

s imula te  a c t u a l  scanning cond i t ions  and t o  maintain an equal  

"sof t - t i s sue"  th i chness  a c r o s s  t h e  bone. The immediate p r e c i s i o n  

of t h e  scans  was v e r y  high (Table 1); s i m i l a r  values  f o r  

Table 1. P r e c i s i o n  of r epea t  measurements on ashed bone s e c t i o n s .  

MINERAL WIDTH 

Slow- speed 0.93% 0.64% 

Fas t  - speed 

Average 

1.32% 
I 

0.76% 

p r e c i s i o n  were observed i n  other work over s e v e r a l  months. 

On l a r g e r  bones, or w i t h  slower-speed scans ,  the p r e c i s i o n  is 

increased .  Typica l ly  the  u n c e r t a i n t y ' i n  measuring bones would 

be h a l f  these f i g u r e s  s i n c e  w e  r o u t i n e l y  make 4 r epea t  measurements 

a t  each scan s i t e .  

The absorp t iomet r ic  measurement of mineral  conten t  was 

highly c o r r e l a t e d  (r= 0.998) for  both f a s t  and slow-speed scans .  

f o r  fas t -speed scans  the  s tandard  e r r o r  of es t imate  was 0.028 

grams (or 2.6%). T h i s  is s l i g h t l y  better accuracy than  obtained 

on ashed s e c t i o n s  us ing  our previous d i g i t a l  output techniques.  

I t  should be noted t h a t  p a r t  of t h e  error is as soc ia t ed  w i t h  

nonuniformit ies  i n  t h e  ashed bone s e c t i o n s ,  r a t h e r  than  i n  

' u n c e r t a i n i t i e s  of t h e  method. Scans on A 1  s tandards  of uniform 
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shape demonstrate an unce r t a in ty  of about 1.0%; t h i s  i n d i c a t e s  

t h a t  t h e  accuracy of the  method is l imi ted  by p rec i s ion  which 

i n  t u r n  r e f l e c t s  photon count ing s t a t i s t i c s .  

O v e r  t h e  pas t  year w e  have; been c o l l a b o r a t i n g  w i t h  t h e  

Instrumentat ion Systems Center of t h e  Universi ty  of Wisconsin 

i n  design and cons t ruc t ion  of t h e  e l e c t r o n i c s  of a po r t ab le  

direct  readout s y s t e m  s i m i l a r  t o  the u n i t  described above. 

T h i s  u n i t  could be r e a d i l y  cons t ruc t ed  by o ther  i nves t9ga to r s ;  

a l s o  the schematics w i l l  be mads avai labt le  t o  any l a b o r a t o r i e s  

of f i r m s  wishing t o  produce t h i s  instrument .  We have cooperated 

w i t h  one such f i r m ,  Norland Assoc ia tes  of Fort  Atkinson, Wisconsin 

i n  t h e i r  e f f o r t s  t o  cons t ruc t  a complete direct readout bone 

scanning u n i t .  Ready a v a i l a b i l i t y  of these u n i t s  w i l l  g r e a t l y  

inc rease  the i r  use i n  biomedical i n v e s t i g a t i o n s  and c l i n i c a l  

eva lua t ion .  
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COO- 1422-57 

BONE AND SOFT-TISSUE CHANGES DURING 

PROTEIN-CALCIUM RESTRICTION 

Richard Be Mazess 

A s t u d y  w a s  i n i t i a t e d  by Vivian B r u c e  (Dept. of Foods 

and N u t r i t i o n ,  U n i v e r s i t y  o f  Wisconsin)  t o  a s c e r t a i n  n u t r i e n t  

ba l ance  i n  nian on a low ca lc ium (500 mg/day) l o w  p r o t e i n  d i e t .  

A l l  of t h e  d i e t a r y  p r o t e i n  was d e r i v e d  from v e g e t a b l e  and 

c e r e a l  sources. A 10-day c o n t r o l  p e r i o d  preceded t h e  d i e t a r y  

m o d i f i c a t i o n ,  and t h e  s p e c i a l  d i e t  w a s  g i v e n  f o r  36 days.  

Coxple te  n u t r i e n t  ba l ance  d e t e r m i n a t i o n s  were made on 6 young 

a d u l t  males  throughout  t h e  c o n t r o l  and d i e t  p e r i o d s .  Bone 

mine ra l  c o n t e n t ,  and sof t - t i s sue  m a s s  and composi t ion ,  were 
2 

monitored u s i n g  photon a b s o r p t i o n  methods.  The s u b j e c t s  were 

measured on 6 o c c a s i o n s  - twice d u r i n g  t h e  c o n t r o l  p e r i o d ,  and 

on days  7 ,  16, 25,  and 36 of t h e  s p e c i a l  d i e t .  

Bone m i n e r a l  c o n t e n t  w a s  measured on t h e  forearm bones 

I photon s o u r c e ;  t h e  l o c a t i o n s  were a t  "midshaft"  125 u s i n g  an  

(33% f r o m  t h e  d i s t a l  end of t h e  bone) and d i s t a l  (20% from 

t h e  d i s t a l  end)  of t h e  r a d i u s  and u lna .  I n  a d d i t i o n ,  s c a n s  
1251 were made a c r o s s  t h e  e n t i r e  middle  upperarm w i t h  bo th  

and 241Am s o u r c e s .  T h i s  p e r m i t t e d  measurement of t h e  minera l  

c o n t e n t  a t  mid-humerus; s o f t - t i s s u e  mass and t h e  r e l a t i v e  f a t ,  

l e a n  c e l l u l a r  c o x p o s i t i o n  of t h e  upperarm a l s o  could  be calcu- 

l a t e d  from these scans .  

RESULTS -- 
The bone changes a t  t h e  5 s i tes  on t h e  3 bones are 

g iven  i n  Table  1. The v a l u e s  for t h e  t w o  c o n t r o l  p s r i o d  obser-  
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v a t i o n s  were ave raged .  There d i d  n o t  a p p e a r  t o  be s y s t e m a t i c  

changes  i n  t h e  m i n e r a l  c o n t e n t  a t  t h e  m i d s h a f t  of t h e  r a d i u s ,  

u l n a  or humerus; p robab ly  r e l o c a t i o n  errors a t  these s i tes  

overshadowed any r e a l  changes .  I n  c o n t r a s t  t h e  d i s t a l  r a d i u s  

and u l n a  s i tes  showed r a d u a l  d e c r e a s e s  of m i n e r a l  c o n t e n t  

(2 t o  3% loss) d u r i n g  t h e  d i e t  p e r i o d .  E x p r e s s i n g  t h e  m i n e r a l  

c o n t e n t  p e r  u n i t  bone w i d t h  t e n d s  t o  remove some of t h e  effects 

of r e l o c a t i o n  e r r o r ;  when t h i s  is done a f a i r l y  g r a d a u l  d e c r e a s e  

i n  bone m i n e r a l  is e v i d e n t  a t  a l l  sites. The l o s s  amounts t o  

2 t o  3% on t h e  r a d i u s ,  abou t  4% on t h e  u l n a  and a b o u t  1% on 

t h e  humerus ( e x c e p t i n g  t h e  a b e r r a n t  v a l u e  f r o m  day8 25). Appar- 

e n t l y  some bone m o b i l i z a t i o n  d i d  o c c u r  d u r i n g  t h e  d i e t  p e r i o d ,  

bu t  t h i s  was n o t  un i form on a l l  bones.  Even a c a l c i u m  los s  of 

1 t o  2% (10 t o  30 g)  would a p p e a r  h i g h l y  improbable  i n  t h i s  

sho r t  p e r i o d  of t i m e .  

The v a l u e s  f o r  body w e i g h t ,  f a t f o l d  (Lange c o n s t a n t  t e n s i o n  

c a l i p e r s ) ,  and a r m  c i r c u m f e r e n c e  are  g i v e n  i n  T a b l e  2 t o g e t h e r  

w i t h  t h e  c a l c u l a t e d  c r o s s - s e c t i o n a l  a r e a  of  t h e  arm. During 

t h e  c o n t r o l  p e r i o d  there was abou t  a 1-kg loss of body weight  

which p robab ly  c a n  be ascribed t o  hypohydra t ion .  T h i s  was 

remedied d u r i n g  t h e  d i e t a r y  p e r i o d  th rough  a d e q u a t e  l i q u i d  i n t a k e ;  

c o n s e q u e n t l y  t h e  t o t a l  2-kg loss of we igh t  can  p robab ly  be 

a s c r i b e d  t o  loss of f a t  and c e l l u l a r  m a t e r i a l .  The f a t f o l d  

measurements were v e r y  u n r e l i a b l e ,  a s  h a s  been t h e  g e n e r a l  

e x p e r i e n c e  w i t h  t h i s  t e c h n i q u e .  The changes  i n  t h e  f a t f o l d  

v a l u e s  may whol ly  reflect  measurement error. A r m  c i r c u m f e r e n c e  

decreased d u r i n g  t h e  s t u d y ;  t h e  decrease i n  t h e  c r o s s - s e c t i o n a l  
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a r e a s  of  t h e  arm, de r ived  from c i rcumference ,  probably more 

c l o s e l y  reflects t h e  changes occur r ing .  S t i l l  arm c i rcumference ,  

and t h e  de r ived  a r e a ,  are r e l a t i v e l y  u n r e l i a b l e  and i n d i r e c t  

measurements e 

......................................... 
TABLE 2 - Weight ,  f a t f o l d ,  arm circumference and arm cross- 

s e c t i o n a l  a r e a  i n  6 s u b j e c t s  du r ing  d i e t a r y  pe r iod .  

AREA WEIGHT FATFOLQ CIRCUMFERENCE -- 
C o n t r o l  (1) 73.7 9.70 27.4 59.74 
C o n t r o l  ( 2 )  72.8 8.60 27.1 58.44 

day 7 72.4 7.25 27.5 60.18 
day 16 72 .1  7.67 27.3 59.31 
day 25 71.8 7.33 27.1 58.44 
day 36 71.7 8.00 26.8 57.16 

The a b s o r p t i o m e t r i c  s can  d a t a  is g iven  i n  Table 3. B o t h  

1251 and 241Am s o f t - t i s s u e  scan  v a l u e s  decreased du r ing  t h e  

d i e t a r y  d e p r i v a t i o n  p e r i o d ,  bu t  t h e  decrease  i n  t h e  1 2 5 ~  v a l u e s  

was only  about  4% compared t o  t h e  6% dec rease  i n  241Am va lues ,  

Consequently t h e  r a t i o  of 1251 t o  241Am, wh ich  r e f l e c t s  r e l a t i v e  

c o a p o s i t i o n ,  changed from an i n i t i a l  va lue  of 2.00 t o  about 2 .04.  

T h i s  corresponded t o  a change from 16.5% f a t  t o  about  9.5% f a t .  

A r a t i o  of 1 .52  i n d i c a t e s  100% f a t ,  wh i l e  a r a t i o  of  2.10 i n d i c a t e s  

100% l e a n  ce l lu la r  matter. 

The c a l c u l a t i o n s  i n d i c a t e d  t h a t  i n i t i a l l y  (du r ing  t h e  cont ro l  

pe r iod )  there w a s  a t r a n s i e n t  dec rease  of  a b s o r p t i o n  and dec rease  

i n  t h e  1251-241Am r a t i o .  

loss  of t i s s u e  probably corresponds t o  t h e  t r a n s i e n t  water  l o s s  

du r ing  the  c o n t r o l  pe r iod .  The a b s o r p t i o n  c h a r a c t e r i s t i c s  of 

water  make i t  appear  e s s e n t i a l l y  t h e  same a s  m u s c l e .  I t  is 

i n t e r e s t i n g  t h a t  t h i s  sma l l  dec rease  (about  2%) i n  t o t a l  body 

water  was d e t e c t a b l e  i n  t h e  upperarm measurement. 

Th i s  i n c r e a s e  of  r e l a t i v e  f a t n e s s  w i t h  
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The scan values can be converted to tissue mass using 

experimentally derived constants; a constant of 0.287 is used 

for 125X scans and 0.575 with 241Am scans (the 125~ constant 

varies with composition). The tissue composition of the 

upperarin can be readily calculated, for example; bone mineral 

1.78 g; soft-tissue mass 56 g; fat mass 9.3 g; lean cellular 

mass 46.7 g; fatfree mass 48.5 g, The bone mineral was about 

3.7% of the fatfree mass; this is similar to the value expected 

for the total body (about 4%). These calculations also showed 

that the calculated cross-sectional areas were close to the areas 

expected when account is taken of the bone mineral content and 

the density of the soft-tissue. However, the calculated tissue 
! 

loss based on area would be about 2.8 g if this loss were mostly 

fat (as appeated to be the case). In contrast the loss based 

on absorption measurements was about 3.6 g. The absorption 

measurements also indicated that the 3.6 g net change consisted 

of 4.3 g decrease of fat, and a 0.7 increase of the cellular 

conponent (presumably water). 

.................................. 
Table 3 - Absorptiometric determinations of upperarm composition 

in 6 subjects during the dietary period. 

125 241Am % fat - -I_ 

125~ scan I/ -- 241Am scan --- 
Control (a) 97.72 195.83 2.004 16.55% 
Control (b) 96.56 191.82 1.986 19.59 

day 7 95 e 97 194.56 2 e 027 12.55 
day 16 92.43 188 a 47 2.039 10.52 

day 36 91 37 186.76 2.044 9.66 
day 25 91.81 187.85 2.046 9.33 

........................................ 
CONCLUSIONS 

These studies show the feasibility of monitoring bone and 

soft-tissue alteraeions in nutritional studies through use of 
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photon a b s o r p t i o n  methods.  I n  t h e  p r e s e n t  s t u d y  measurement 

r e l i a b i l i t y  w a s  a d v e r s e l y  affected by changes  of s o u r c e s ,  

d e t e c t o r s ,  detector c o l l i m a t i o n ,  and s c a n n e r s .  I n  c o n t i n u i n g  

s t u d i e s  newer t e c h n i q u e s  s h o u l d  be used  t o  minimize r e l o c a t i o n  

of t h e  measurement s i t es ,  and ca l ibra ted  s t a n d a r d s  would minimize 

errors due t o  equipment  v a r i a t i o n .  Despi te  these d i f f i c u l t i e s  

i t  w a s  poss ib le  t o  detect r a the r  s m a l l  d e c r e a s e s  i n  bone m i n e r a l  

c o n t e n t  and s o f t - t i s s u e  c o a p o s i t i o n .  However, these loca l  changes  

may n o t  ref lect  t h e  magnitude of t o t a l  body changes ;  a 2% loss  

o f  t o t a l  body m i n e r a l  or a change from 16 t o  9% body f a t  wer,e 

n o t  rea l i s t ic .  One major  c o n c l u s i o n  a p p e a r s  t o  be t h a t  changes  

o f  body compos i t ion  may n o t  be uni form a t  a l l  s i t e s  and t h a t  
8 

some a r e a s  c o u l d  serve a s  s e n s i t i v e  i n d i c a t o r s  of processes 

o c c u r r i n g  w i t h  lesser i n t e n s i t y  i n  t h e  body a s  a whole .  
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EVALUATION OF ~ ~ I Q N U C ~  TRANSMISSION SCANNING 

By James A ,  Sorenson and John R. Cameron 

Transmission imaging us ing  scanning and count ing techniques 

was demonstrated by Mayneord i n  1954 (1)  and subsequently 

developed by Kuhl and co-workers (2) a s  a method of ob ta in ing  

anatomic informat ion  for  accu ra t e  keying of rad ionucl ide  emission 

images obtained on a r e c t i l i n e a r  scanner Techniques have a l s o  

been developed f o r  t ransmiss ion  imaging w i t h  a s c i n t i l l a t i o n  

camera (3). Transmission images have been r epor t ed  t o  be of 

value for  o u t l i n i n g  a i r  spaces  and organs i n  t h e  chest for  t h e  

i n t e r p r e t a t i o n  of lung and hea r t  scans ,  and for o u t l i n i n g  bony 

s t r u c t u r e s  i n  t h e  nd the p e l v i s  f o r  t h e  i n t e r p r e t a t i o n  

of b r a i n  scans  and, bone scans ,  r e s p e c t i v e l y  ( 2 , 4 , 5 ) .  Transmission 

scanning of smal l  animals and of t h e  ex t r eme t i e s  was a l s o  r epor t ed  

by Kuhl ( 2 ) .  The advantage of t ransmiss ion  scans  over 

roentgenographic images is  t h e  lack  of geometric d i s t o r t i o n  

r e l a t i v e  t o  t h e  emission image, 

8 

Various rad ionucl ide  sources  have been used f o r  ob ta in ing  

t ransmiss ion  images on r e c t i l i n e a r  scanners  and s c i n t i l l a t i o n  

cameras, p r i n c i p a l l y  1-1 5 (30 keV), Am-241 (60 keV), and Tc-99m 

(140 keV). O f  these, only Tc-99m has  been shown t o  be u s e f u l  

f o r  s c i n t i l l a t i o n  camera s t u d i e s ,  p r imar i ly  because 0% t h e  l o s s  

of s p a t i a l  r e s o l u t i o n  w i t h  t h i s  device a t  lower photon e n e r g i e s .  

R e c t i l i n e a r  scanners  do not have t h i s  l i m i t a t i o n ,  and consequently 

any of t h e  above mentioned sources  and a va r i e ty  of o t h e r s  a re  

p o t e n t i a l l y  u s e f u l  f o r  t ransmiss ion  i m  ging w i t h  a scanner .  

The purpose of t h i s  paper is t o  provide an eva lua t ion  of a 
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number of t ransmiss ion  scanning sources  for var ious  t ransmiss ion  

imaging procedures 

- THEORETICAL CONSIDERATIONS 

The p r o p e r t i e s  of a r a  ionucl ide  photon source which a f f e c t  

t h e  q u a l i t y  of the  t ranmiss ion  image a r e  l i s ted  i n  Table I .  

Photon energy a f f e c t s  t h e  image c o n t r a s t  s ince  t h e  absorp t ion  

d i f f e r e n t i a l  between objects of d i f f e r e n t  e lementa l  compoSition 

(e .g .  bone v s .  so f t  t i s s u e )  i n c r e a s e s  w i t h  decreas ing  photon 

energy. Image information dens i ty  decreases  w i t h  decreasing 

photon energy f o r  sources  of t h e  same a c t i v i t y ,  because 

t ransmiss ion  decreases .  Slower scanning speeds can be used 

w i t h  lower energy sources  t o  improve information blensity but 

p r a c t i c a l  l i m i t s  may e x i s t  e s p e c i a l l y  when working w i t h  v e r y  

ill or uncooperative p a t i e n t s .  Image d e f i n i t i o n  or s p a t i a l  

r e s o l u t i o n  may be a f f e c t e d  i f  a h igh  eaergy photon source is 

used because of d i f f i c u l t i e s  i n  co l l ima t ing  t h e  photon beam. 

The l a t t e r  is not a problem, however, a t  photon energies below 

about 200 keV when lead  is used f o r  t h e  co l l imator  m a t e r i a l .  

Image c o n t r a s t  and d e f i n i t i o n  a r e  a l s o  dependent on t h e  

monochromaticity of t h e  photon source,  e s p e c i a l l y  when a low 

energy source w i t h  an apparent ly  small  number of higher  energy 

emissions is  used. The lower energy r a d i a t i o n s  a r e  more e a s i l y  

absorbed and i n  f a c t  may be almost completely stopped i n  t h i c k e r  

s e c t i o n s ,  w i t h  only t h e  h igher  energy photons being t r a n s m i t t e d .  

In  t h i s  s i t u a t i o n ,  t h e  t ransmiss ion  source behaves a s  i f  only 

t h e  higher energy photons were being emi t ted ,  and image c o n t r a s t  

and d e f i n i t i o n  a r e  c h a r a c t e r i s t i c  of a source emi t t i ng  t h e  

h igher  energy r a d i a t i o n s  
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The amount of a c t i v i t y  ob ta inab le ,  or more s p e c i f i c a l l y ,  

t h e  photon emission r a t e  of t he  source,  a f f e c t s  image information 

dens i ty  u n l e s s  an unl imi ted  scanning t i m e  is a v a i l a b l e  

Source dimensions a f f e c t  image d e f i n i t i o n  i n  t h e  same way 

a s  does t h e  d e t e c t o r  co l l ima t ing  a p e r t u r e  diameter,  w i t h  a 

l a r g e r  source diameter r e s u l t i n g  i n  an image w i t h  poorer defi- 

n i t i o n .  Source dimensions and r e s u l t a n t  r e s o l u t i o n  loss may 

be a problem w i t h  r ad ionuc l ides  having a low s p e c i f i c  a c t i v i t y  

and a high atomic number. An example is Am-241 ( Z  = 95) which 

has  a long h a l f - l i f e  (463 yea r s )  and consequently a low s p e c i f i c  

a c t i v i t y  (3.4 Ci /gm) .  Am-241 behaves a s  a su r face  emitter,  

s ince  t h e  60 keV p r a y  emissions a r e  almost t o t a l l ;  absorbed 

by a f r a c t i o n  of a mm of over ly ing  Eimericium ( M V L =  0.065 mm 

f o r p  = 11.7 gm/cm , Z = 9 2 ,  a t  60 keV) ( 6 ) .  Because of t h i s  

an inc rease  i n  source emission r a t e  r e q u i r e s  an inc rease  i n  

source emission a r e a ,  r a t h e r  t han  source th i ckness .  Consequently 

image d e f i n i t i o n  may be l o s t  i f  source a c t i v i t y  must be increased .  

3 

The important parameters of image q u a l i t y ,  namely c o n t r a s t ,  

d e f i n i t i o n ,  and information dens i ty ,  a r e  a l l  a f f e c t e d  by t h e  

photon energy of the t ranstniss ion source .  The effects of photon 

energy on c o n t r a s t  and information dens i ty  a r e  shown quant i ta -  

t i v e l y  i n  Figure 1, Percent t ransmiss ion  through t h e  varjmus 

body r eg ions  f r o m  30 t o  140 keV was c a l c u l a t e d  assuming t h e  

lungs t o  have a t ransmiss ion  equiva len t  t o  10 gm/cm2 0% water ,  

abdominal a r e a s  20 gm/cm o f  water ,  and t h e  abdominal sp ine  

and p e l v i s  20 gm/cm2 of water p l u s  1-2 gm/cm2 of bone miner31 

(calcium hydroxyapat i te)  (7). The curves  a r e  presented s e m i -  

l oga r i thmica l ly ,  so t h  t c o n t r a s t  between var ious body r eg ions  

2 
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is  ref lected by t h e  s e p a r a t i o n  between t h e  var ious  curves.  

For example, the  sepa ra t ion  between (curves l a b e l l e d  lung and 

abdomen re f lec ts  t h e  c o n t r a s t  between a i r  spaces  i n  t h e  chest 

and s o f t  t i s s u e  masses, w h i l e  t h e  s e p a r a t i o n  between t h e  curves  

f o r  t h e  abdomen and t h e  sp ine  and p e l v i s  ref lects  t h e  c o n t r a s t  

between bony s t r u c t u r e s  and s o f t  t i s s u e  i n  abdominal a r e a s .  

From these curves ,  i t  is apparent t h a t  adequate c o n t r a s t  

is obta inable  i n  t ransmiss ion  imaging of the lungs a t  p r a c t i c a l l y  

a l l  photon ene rg ie s .  Thus i t  would be p r o f i t a b l e  t o  choose a 

higher  photon energy for lung i which maximizes t ransmiss ion  

r a t e  and image information without g iv ing  co l l ima t ion  and 

s h i e l d i n g  problems, i . e . ,  100 - 200 k e V .  Contrasd between 

bony s t r u c t u r e  and s o f t  t i s s u e  i n  t h e  abdominal sp ine  and p e l v i s  

on the o the r  hand is much less a t  a l l  photon ene rg ie s ,  and 

t ransmiss ion  imaging i n  the  a rea  may r e q u i r e  t h e  use of a lowor 

energy photon source w i t h  a consequently l e s s  t ransmiss ion  and 

information dens i ty  i n  order  t o  obeain adequate image c o n t r a s t .  

The lowest photon energy usable  for t ransmission scanning 

procedures is probably about 30 keV for t h i c k  s e c t i o n s  (210 c m )  

al though lower e n e r g i e s  may be usable  f o r  t h i n  s e c t i o n s  and 

smal l  animals.  

With these cons ide ra t ions  i n  mind, it is convenient t o  

ca t egor i ze  photon sources  i n t o  d i f f e r e n t  photon energy ranges.  

The curves  i n  Figure 1 a r e  each compose of t w o  e s s e n t i a l l y  

s t r a i g h t - l i n e  p o r t i o n s ;  a l o w  energy range from about 20-40 

keV i n  which c o n t r a s t  is high an t ransmiss ion  r e l a t i v e l y  low, 

and a high energy reg ion  (80 keV and up) of low c o n t r a s t  and 
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r e l a t i v e l y  high t ransmiss ion .  In  t h e  low energy r eg ion  a smal l  

I 

keV d i f f e r e n c e  i n  energy r e s u l t s  i n a r e l a t i v e l y  l a r g e  d i f f e r e n c e  

i n  c o n t r a s t  and t ransmiss ion  w h i  e i n  t h e  high energy r eg ion ,  

the behavior is r a t h e r  cons tan t  w i t h  energy. Between t h e  

s t r a i g h t  l i n e  p o r t i o n s  is aourved t r a n s i t i o n a l  r eg ion  of i n t e r -  

mediate energy (40-80 keV) i n  which the  behavior of c o n t r a s t  

and t ransmiss ion  a r e  in te rmedia te  t o  t h a t  of t he  l o w  and high 

energy r eg ions ,  For the  remainder of t h i s  d i scuss ion ,  t r ans -  

m i s s i o n  sources  w i l l  be dicussed according t o  whether t h e y  

f a l l  i n t o  l o w  (20-40 keV), in te rmedia te  (40-80 keV) or high  

($0 k&V and up) energy r eg ions .  

11. EXPERIMENTAL EVALUATION OF RADIONUCLIDE SOURCE% FOR 
TRANSMISSION SCANNING 

Methods and Mate r i a l s  

' An experimental  eva lua t ion  of va r ious  source m a t e r i a l s  

was c a r r i e d  out by ob ta in ing  t ransmiss ion  images of phantoms 

and human s u b j e c t s  on a dual-headed r e c t i l i n e a r  scanner w i t h  

5" d i a  x 2" t h i c k  NaI(T1) d e t e c t o r s  (Model 54FD, Ohio-Nuclear 

Inc . ,  Cleveland, Ohio) (Figure 2) e The a n t e r i o r  or upper d e t e c t o r  

was used f o r  t ransmiss ion  s t u d i e s ,  and was co l l imated  w i t h  a 

3 mm or 6 mm d i a  x 7'0 mm t h i c k  s t r a i g h t  bore lead  co l l ima to r .  

The t ransmiss ion  source was laced  d i r e c t l y  over the cen te r  

ho le s  of t h e  focussed co l l ima to r  on t h e  p o s t e r i o r  or lower 

d e t e c t o r .  The t ransmiss ion  source-detector  s epa ra t ion  was 

30 c m .  

Transmission sources  s t u d i e d  were a s  follows: 

1-125 (30 keV): 100-200 m C i  p l a t e d  on the hemispherical  
end of a 1 mm d i a  s i l v e r  wire and encapsulated i n  a 0.56 mm 
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w a l l  t h i ckness  aluminum co i n e r ,  The source had a 
measured contamination of u t  2 mCi 1-126, a 386 keV 
and 667 keV p e m i t t e r  w i t h  a I3  day h a l f - l i f e  (8)(Atomic 
Energy of Canada, L i m i t e d ,  Ottawa, Ontar io ,  Canada). 

Pb-210 (46 keV): nominal a c t i v i t y  100 m C i ,  4 mm emission 
diameter ,  encapsulated i n  s tee l  w i t h  a 1 mm t h i c k  aluminum 
emission window (Source #R C.6, The Radiochemical C e n t e r ,  
Amersham, England) 

Am-241 (60 keV): nominal a c t i v i t y  125 mCi w i t h  5 mm 
emission diameter ,  encapsulated i n  s t e e l  w i t h  0.8 mm 
aluminum emission window source f a b r i c a t i o n  i n  our 
l abora to ry ,  

Tc-99m (140 keV): a rechargable  "point" source ,  w i t h  t h e  

a c t i v e  element c o n s i s t i n g  of a 3 mm d i a  x 6 rnT long ion- 
exchange r e s i n  column. The source was normally used w i t h  

an a c t i v i t y  of 10-30 m C i  Tc-99in. D e t a i l s  of source con- 
s t r u c t i o n  and method of recharg ing  a r e  descr ibed  elsewhere. (9 )  

Cs-137 (662 keV): a c t i v i t y  10 mCi i n  a 3 mm d i a  bead of 
cesium g l a s s ,  encapsulated i n  s tee l  w i t h  a 1 mm s teel  
emission window. (Source #CDC-Kl, Nuclear Chicago Corp., 
Des P la ines ,  I l l i n o i s . )  

Phantom s t u d i e s  were c a r r i e d  out on a phantom c o n s i s t i n g  

of a shee t  of aluminum 3 mm t h i c k  i n  which s l o t s  of var ious 

wid ths  (1 .5  mm-12 mm wide) were mi l led  t o  a depth of 2 . 5  mm. 

The s l o t  depth was chosen t o  provide a c o n t r a s t  between t h e  

s l o t s  and the  adjacent  s o l i d  luminum s e c t i o n s  comparable t o  

t h a t  obtained for t h e  lumbar sp ine  (Figure 1. Transmission 

scans  were obtained w i t h  1-1 5 (low energy) ,  Am-241 ( i n t e r -  

mediate energy) ,  and Tc-99m (high energy) w i t h  t h e  phantom i n  

a i r ,  and w i t h  1-125 w i t h  t h e  phantom under  10 c m  of water .  

Image information e n s i t i e s  were 600-1000 c/cm . 2 

Transmission i m  ges  of hum n s u b j e c t s  were a l s o  obtained 



w i t h  t h e  var ious  sources  on a number of body a r e a s  inc luding  

t h e  head, t h e  chest ,  t h e  lumbar sp ine  and p e l v i s ,  and the 

e x t r e m i t i e s .  The information dens i ty  of t he  images var ied  

from 100-600 c/cm de ending on t h e  source and t h e  scanning 

speed. The scanning speed was chosen t o  approximate t h e  speed 

2 

used i n  the  accompanying rad ionucl ide  emission procedures.  

For t ransmiss ion  images of the  chest t h e  speed was t y p i c a l l y  

3 cm/sec w i t h  1/8" l i n e  spacing ( lung scan)  wh i l e  for images 

of t h e  p e l v i s  i t  was t p i c a l l y  0.5 cm/sec (bone scans ) .  

Pulse  he ight  a n a l y s i s  of the  t r ansmi t t ed  beam using a 

20 keV window cen te red  on the p r i n c i p l e  photopeak was used f o r  

a l l  scans .  
8 

Resu l t s  and Comment 

Transmission images obtained on t h e  aluminum phantom a r e  

shown i n  Figure 4 .  Scans of t h e  phantom i n  a i r  i n d i c a t e  t h a t  

t h e  best c o n t r a s t  and d e f i n i t i o n  a r e  obtained w i t h  1-125, which 

has t h e  lowest energy p r i n c i p l e  y==emission, and a l s o  t h e  

smal les t  a c t i v e  diameter (1 mm). n ly  gross d e t a i l  is v i s i b l e  

i n  t h e  Am-241 image, while t e-99m scan shows no c o n t r a s t  

a t  a l l .  By comparison, theroentgenographic image has  a c o n t r a s t  

in te rmedia te  t o  the  1-125 and Am-241 scans .  The use of 1-125 

or of a low energy source for t ransmiss ion  imaging of bony 

s t r u c t u r e s  i n  t he  p e l v i s  is not i n d i c a t e d  by these r e s u l t s ,  

however, because of t h e  e f fec ts  of a r e l a t i v e l y  small  amount 

of higher energy contamination. Also shown i n  Figure 4 is an 

1-125 scan of t h e  luminum phantom under 10 c m  of water .  Much 

of t h e  c o n t r a s t  was already lost  i n  t h i s  th ickness  of water 

because of t h e  selective absorp t ion  of t he  30 keV photons and 
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t ransmiss ion  of 386 and 667 keV photons, i n  s p i t e  of the  use 

of a low energy pulse  he igh t  l y z e r  window. The effect  is 

f u r t h e r  exemplif ied by t ransmiss ion  image of t h e  p e l v i s  

obtained w i t h  the s me 1-125 source (Figure 5).  The r e s u l t i n g  

image shows no c o n t r a s t  a t  a l l  and is s i m i l a r  t o  t h a t  expected 

from a t ransmiss ion  source of e s s e n i a l l y  pure 1-126 of about '  

2 mCi a c t i v i t y .  Transmission images w i t h  good c o n t r a s t  and 

r e s o l u t i o n  were obta ined  on th inne r  s e c t i o n s  such a s  t h e  w r i s t  

(Figure 6 ) ,  where t h e  p e n e t r a t i o n  of t h e  30 keV photons was 

considerably g r e a t e r  and the effects  of 1-126 contamination 

were consequently less severe. 

Transmission images of the p e l v i s  ob ta ined  with an i n t e r -  

mediate energy source provided bare ly  adequate v i s u a l i z a t i o n  

of bony s t r u c t u r e  i n  t h e  abdominal sp ine  and p e l v i s ,  but t h e  

image was d e f i n i t e l y  s u p e r i o r  t o  t ha t  obtained w i t h  1-125 

(Figure 7 ) .  An information dens i ty  of 100-200 c / c m  was 

obta inable  a t  bone scanning speeds w i t h  t h e  125 m C i  Am-241 

2 

source,  which was f e l t  t o  be adequate cons ider ing  the r e l a t i v e l y  

poor r e s o l u t i o n  which could be obtained,  I t  should be noted, 

however, t h a t  because of the  high se l f -absorp t ion  of 60 keV 

photons wi th in  the  Am-241 source,  and because of the  r e l a t i v e l y  

low photon y i e l d  (0,36 photons/ d i s )  of t h i s  m a t e r i a l ,  t h a t  

t h e  125 m C i  source a c t u a l  y emitted a s  a source w i t h  an apparent 

a c t i v i t y  of only about 40 m C i .  An in te rmedia te  energy source 

of 40 mCi  a c t i v i t y  which does not have t h e  same l i m i t a t i o n s  

a s  Am-241 might t h u s  be usable  for t ransmiss ion  imaging of t h e  

p e l v i s .  

Transmission images of t e lungs showed adequate c o n t r a s t ,  
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but r e l a t i v e l y  poor r e s o l u t i o n  and informat ion  d e n s i t y  (100- 

200 c/cm ) when performed a t  lung scanning  speeds  (F igure  8 ) .  

Another i n t e rmed ia t e  energy source ,  b-210, was a l s o  

e v a l u a t e d  a s  a t r ansmiss ion  scanning source ,  but was found t o  

be inadequate  for  imaging of t h e  chest or p e l v i s .  Although 

i t  has  a convenient  p r i n c i p l e  photon energy and h a l f - l i f e  

(46 keV, 22 y e a r s ) ,  i ts  u s e f u l n e s s  is l i m i t e d  by a v e r y  l o w  

photon y i e l d  (0.04 pho tons /d i s ) .  The 100 mCi  source  used t h u s  

had an  apparent  a c t i v i t y  of only  4 m C i ,  which was cons ide rab ly  

l e s s  t h a n  t h e  minimum usab le  a c t i v i t y  of 40 mCi sugges ted  by 

t he  Am-241 exper iments .  N o  s a t i s f a c t o r y  t r ansmiss ion  images 

on humans were ob ta ined  w i t h  t h e  Pb-210 source .  

2 

8 

Transmission images of t h e  p e l v i s  ob ta ined  w i t h  a high 

e n e r g y  sou rce ,  Tc-99m, d i sp l ayed  no bony s t r u c t u r e s  (Figure 9 ) .  

The s m a l l  a r e a s  of decreased  t r a n s m i s s i o n  seen  i n  t h e  image 

were produced by a b e l t  buckle and a me ta l  c l i p  on a f i l m  badge. 

The use  of me ta l  objects  p l aced  a t  s p e c i f i e d  l o c a t i o n s  on t h e  

s u b j e c t  t o  provide nega t ive  shadows on a t r ansmiss ion  image, 

such a s  is s o m e t i m e s  done i n  emiss ion  imaging proce’dures on t h e  

s c i n t i l l a t i o n  camera, would be t h e  only way t o  o b t a i n  anatomic 

r e f e r e n c e  f r o m  t r a n s m i s s i o n  images of the p e l v i s  u s ing  t h i s  

source e 

Good q u a l i t y  t r ansmiss ion  images of the  chest were ob ta ined  

w i t h  t h e  Tc-99m source  w i t h  adequate v i s u a l i z a t i o n  of t h e  

h e a r t ,  t h e  r i b  cage ,  t he  a i r  space of t h e  t r achea  and occas iona l ly  

the a o r t i c a r c h e s  A source  a c t i v i t y  of 20 mCi r o u t i n e l y  r e su l t ed  

i n  an image informat ion  d e n s i t y  of 600 c/cm2 a t  a speed of 3 

cm/sec and a l i n e  spac ing  of 3 man. 
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S a t i s f a c t o r y  t ransmiss ion  images of the  s k u l l  were obtained 

w i t h  both the 125 mCi  Am-241 source,  and a 20 mCi Tc-99m source 

a t  t y p i c a l  b r a i n  sc nning speeds (2 cm/sec) (F igme  11). B e t t e r  

d e f i n i t i o n  and a higher information dens i ty  were obta ine  

Tc-99m because t h e  source emission diameter was smal le r  and 

t h e  t ransmiss ion  r a t e s  were higher  e D e f i n i t i o n  was a l s o  enhanced 

i n  t h e  Tc-99m image because a smaller  co l l ima to r  ape r tu re  

diameter could be used (3 mm f o r  Tc-99m v s  6 mm for Am-241), 

w h i l e  still  maintaining a higher  information dens i ty  (600 c/cm2' 

v s  150 c/cm ) a t  the same scanning speed. 2 

A t ransmiss ion  image of t h e  chest obtained w i t h  Cs-137 

was of poor q u a l i t y  (Figure 12 ) .  Although contrast? was poor, 

i t  might have been adequate for o u t l i n i n g  t h e  a i r  spaces  of 

the lungs and t h e  hea r t  shadow. Resolut ion was wery poor how- 

ever, pr imar i ly  because of d i f f i c u l t i e s  i n  co l l ima t ing  the .  

662 k e V  photon beam. Cs-137 was a l s o  found t o  be unusable i n  

any simultaneous transmission-emission procedure. P lac ing  the 

10 mCi  Cs-137 source anywhere near t he  co l l imated  emission 

detector r e s u l t e d  i n  count r a t e s  of t h e  order  of 100,000 c/min 

i n  any 40 keV pulse  height  window below t h e  660 k e V ,  even when 

t h e  source was sh i e lded  w i t h  2 c m  of lead .  This  background 

counting r a t e  could  not be t o l e r a t e d  i n  any emission scanning 

procedure. 

Conclusions 

Low energy t ransmiss ion  sources ,  such a s  1-125, provide 

h igh  c o n t r a s t  and would t h u s  be u s e f u l  for t ransmission imaging 

of smal l  bones and animals.  Because of low transmission through 

t h i c k  s e c t i o n s ,  however, source c t i v i t i e s  of t h e  order of a 
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Curie or more would be necessqry f o r  t ransmission imaging of 

t he  p e l v i s  or lungs.  T h i s  source would have t o  be v e r y  c l ean  

w i t h  r e spec t  t o  higher energy emissions,  s ince  l o w  energy 

sources  a r e  p a r t i c u l a r l y  a f f e c t e d  by r e l a t i v e l y  smal l  amounts 

of h igher  photon energy contamination (-1.0%) when thick s e c t i o n s  

such a s  the  p e l v i s  a r e  imagede 

Low energy sources  o the r  than 1-125 which might be usable  

on sma l l  animals or t h i n  s e c t i o n s  a r e  Cd-109 (22 keV, h a l f - l i f e  

460 days) and Pm-147 (20-60 keV, h a l f - l i f e  2 .6  y e a r s ) .  The 

l a t t e r  is a bremsstrahlung source which can be f a b r i c a t e d  w i t h  

v a r i o u s  " t a rge t "  m a t e r i a l s  t o  provide a v a r i e t y  of emission 

s p e c t r a  (10). Both a r e  commercially a v a i l a b l e  as s e a l e d  sources  

(The Radiochemical Center,  Amersham, England) but n e i t h e r  a t  

p resent  is a v a i l a b l e  w i t h  an adequate photon y i e l d  for  t rans-  

mission imaging of the chest and p e l v i s .  

Intermediate  energy sources ,  such a s  Am-241, provide t r ans -  

mission images of t h e  chest, p e l v i s ,  and s k u l l  w i t h  adequate 

c o n t r a s t  and information dens i ty  when the source a c t i v i t y  is 

equiva len t  t o  40 mCi or more. 

High  energy sources ,  such a s  Tc-99m, provide t h e  best images 

of t h e  chest and s k u l l  but a r e  not adequate for o u t l i n i n g  bony 

s t r u c t u r e s  i n  t h e  p e l v i s .  The use of  metal  o b j e c t s  overlying 

anatomic r e f e r e n c e s  may permit t he  a p p l i c a t i o n  of t h i s  source 

i n  the p e l v i c  a m a  i n  some ins t ances .  A c t i v i t i e s  of t h e  order  

of 10-20 mCi a r e  adequate t o  provide information d e n s i t i e s  of 

about 300-600 c/cm a t  lung scanning speeds.  2 

Another poss ib l e  high energy t ransmission source is Co-57 

(120 keV, h a l f - l i f e  270 days) .  T h i s  m a t e r i a l  has  t h e  advantage 



12 

of a long h a l f - l i f e  r e l a t i v e  t o  Tc-99m, and a l s o  would be 

s imple r  t o  use i n  simultaneous t ransmission-emission procedures 

w i t h  Tc-99m a s  t h e  t ransmiss ion  source because of t h e  d i f f e r e n c e  

i n  t h e  photon ene rg ie s .  The l a t t e r  is not a s e r i o u s  problem 

w i t h  Tc-99m, however,  when a dual-headed wanner  is uded, s i n c e  

t h e  kransmission source is  e a s i l y  shielded from the  emission 

detector by a few mm of l ead .  (9) 

Very high energy sources  such a s  Cs-137 a re  not  u s e f u l  

for t ransmiss ion  imaging because of d i f f i c u l t i e s  i n  co l l ima t ing  

the  photon beam. Also, the  higher energy sources  a r e  not 

usable  i n  simultaneous transmission-emission procedures w i t h  

a dual-headed scanner ,  because t h e y  cannot be adequately shielded 

from the  emission d e t e c t o r .  



TABLF: I 

Properties of a Radionuclide Source Affecting the 

Quality of the Transmission Image 

Image Parameter Affected 

Contrast Definition Information Dendty 

Photon energy 

Monochromat ici t y 

Photon. yield 

Source dimensions 

X X X 

X 
I 

X 

X 



Re f e r  e nce s : 

1. 

2. 

3. 

4 .  

5. 

6.  

7 .  

8. 

9 .  

Mayneord, W,V. : Radio logica l  Research, B r i t i s h  Journa l  
of Radiology 27: 309-317 (1954) 

Kuhl, O,E,, Hale, J.; and Eaton, W,L.: Transmission Scanning: 
A Useful Adjunct t o  Conventional Emission Scanning f o r  
Accurately Keying Isotope Deposit ion t o  Radiographic Anatomy, 
Radiology 87: 278-284 (1966). 

Anger, H,O, ,  and McRae, J , :  Transmission Scint iphstography,  
Jou rna l  of Nuclear Medicine 9: 267 (1968). 

Briggs,  R,C.,  Wilson, E ,B ,  , and Sorenson, J , A .  : Combined 
Emission-Transmission Scanning of t h e  Skeleton, Radiology 
90: 348-350 (1968) 

Westerman, B.R., Quinn, J .L . ,  and Johnson, R.M.: Transmission 
Scanning a s  an Aid t o  t h e  I n t e r p r e t a t i o n  of Routine Emission 
Scans, Jou rna l  of Nuclear Medicine 10: 381 (1969). 

McGinnies, R.T.: X-ray Attenuat ion C o e f f i c i e n t s  from 10 KeV 
t o  100 MeV, Nat ional  Bureau of Standards Suppldment t o  
C i rcu la r  583, U.S. Department Of Commerce (1959). 

Omne11, K , A , :  Elemental Composition of Cer t a in  Animal 
Tissues ,  Acta. ,Radial. Suppl. 148: 22 (1957). 

I .  

Lederer, C,M., Hollander,  J , M . ,  and Perlman, I . :  Table of 
I so topes ,  6 t h  Ed i t ion ,  John Wiley and Sons, Inc . ,  New York, 
(1967). 

Sorenson, J . A .  , Briggs,  R.C. , and Cameron, J .R . :  
Point  Source f o r  Transmission Scanning, Journa l  of Nuclear 
Medicine 10: 252-253 (1969). 

99mTc 

10. Preuss ,  L.E.: A Compilation of Beta Excited X-ray Spec t ra ,  
USAEC Document T1D-22361 (1966). 



,. , 

I 

I !  

. .  

Q e 
7 

6 

5 

4 

3 

2 

1 

, :  I i , /  
I .  I 

' I  ' 

! ! . :  

. . .  
, ,  . . . .  

i 

-. 

.:$ 
-t- .... 
--I 

! 
.... .I: 
:i i 
. i- 
I 

I 
I 
1 

I , 

. .  
. ,  

1 .  

. - , . . . -. 
....... ..i ..... -..< . .  . .  . .  

. .  
. .  ..__ 1. , .  

' !  . . ,  ........ + -  ...... 
... ; I :  I : .  ; - - 1  .-__ . . . . . . . . . . . . .  ( . .  
... ..~. . j... . . . .  _ j  
, . . i . .  I 

gm/cm2 water, a b d o m e n @  = 20 gm/cm 



TRANSMISSION 
DETECTOR 

-1 SINGLE-HOLE 

I 

TRANSMISSION SOURCE 

FOCUSSED 
COLLIMATOR 

EMISSION 
DETECTOR 

SIMULTANEOUS TRANSMISSION-EMISSION 
SCANNING WITH A DUAL-HEADED SCANNER 

igure 2. Use of a dual-hea ed scanner for transmission 
scanning. Simultaneous transmission-emission 
procedures are possible. 



ALUMINUM PHANTOM 
IN 10 CM WATER 

100 K V P  X-RAV 

Figure 3 .  Roentgenograph of aluminum phantom. 
Contrast is comparable to  that  obtained 
for bony s truc tures  i n  the  p e l v i s .  
Line spacings are 1.5-12 mm. 
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1-125 SCAN OF 
DISTAL RADIUS 
AND ULNA 

Figure 6 .  D i s t a l  forearm with 1-125. Resolution 

uate for v i sua l i za t ion  
of a mineral 

deposit  in the wrist, 



Figure 7. 
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Figure 10. Transmission scan 0% chest with Tc-99m, 
Resolution and information density are 
bet ter  than with Am-241. Contrast is 
more than adequate. 

Figure 11. Comparative transmission images of the 
Skull with Am-2 t )  and Tc-9 

( r ight )  
and infoxmat ion density e 

Te-99m image has bet ter  resolution 
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Computer Programs f o r  Bone Mine ra l  C a l c u l a t i o n s  

By: Kianpour Kian ian  

The main purpose  o f  t h i s  report is t o  f a m i l i a r i z e  those 

who a r e  u s i n g  o u r  computer programs t o  c a l c u l a t e  Bone Mine ra l .  

These programs- are a v a i l a b l e  for b o t h  remote t e r m i n a l s  

(connec ted  t o  t h e  6. E. Time S h a r i n g  System) and ,by  mod i f i ca t i c ln ,  

for  any other d i g i t a l  computer.  Because w e  have developed and 

used  many programs, I w i l l  enumera te  o n l y  t h e  e x t e n s i v e l y  used  

programs. 

BONE 2 AND BONE 3 

Two programs named BONE 2 and BONE 3 ,  which  a r e  m o d i f i e d  

v e r s i o n s  of t h e  BONE 2 program described p r e v i o u s l y  {l), a r e  

v e r y  u s e f u l  i f  t h e  t u r n  around t i m e  of t h e  computer is i m p o r t a ' i t .  

B o t h  programs have been w r i t t e n  i n  MK 11 BASIC and a r e  

' 

very  s i m i l a r ,  e x c e p t  t h a t  BONE 2 is used  for  d a t a  collected a t  

f u l l  s c a n n e r  speed and BONE 3 a t  h a l f  s c a n n e r  speed. The e f f e c t  

of s c a n n e r  speed a p p e a r s  i n  t h e  e x p e r i m e n t a l  p r o p o r t i o n a l i t y  

c o n s t a n t s  wh ich  a r e  used  to d e t e r m i n e  bone m i n e r a l  c o n t e n t .  

The b a s i c  p r o c e d u r e s  f o r  making and i n t e r p r e t i n g  t h e  measure- 

ments have been p r e v i o u s l y  described (2)  and w i l l  n o t  be d i scussed  

any f u r t h e r .  The d a t a  used  by these programs a r e  punched on p a p e r  

t a p e .  

l i n e  p r i n t e r  o u t p u t ,  i . e . ,  w e  select where  t h e  edge h a s  t o  l i e .  

F i g u r e  1- shows how t h i s  is done.  

* 
We punch Io on a p a p e r  tape a f t e r  choos ing  i t  from t h e  

These programs a r e  s o m e t i m e s  stored i n  t h e  G.  E .  u s e r ' s  

l i b r a r y  a n d , f o r  those who a r e  i n t e r e s t e d ,  can  be o b t a i n e d  by 

special  a r rangement .  A l i s t i n g  o f  BONE 2 a l o n g  w i t h  a sample 

run  is a t t a c h e d  t o  t h i s  report .  



START 

A more e f f i c i e n t  v e r s i o n  of BONE 2 and  

START, was used  e x t e n s i v e l y  u n t i l  l a s t  y e a r  

and is now b e i n g  used  on t h e  CDC 3600. The 

BONE 3, c a l l e d  

on t h e  CDC 1604 

program is a m i x t u r e  

of FORTRAN language  and CDC 3600 COMPASS assembly l anguage  

o p e r a t i n g  unde r  t h e  c o n t r o l  of t h e  SCOPE s u p e r v i s o r y  sys tem.  

The program c o n s i s t s  of f o u r  s u b r o u t i n e s ,  t w o  i n  FORTRAN, two 

i n  machine l anguage  and t h e  main program, START, i n  machine 

language .  

Program START h a s  many f e a t u r e s ;  one of t h e  m o s t  i m p o r t a n t  
* 

is t h e  programmed s e l e c t i o n  of Io and I .  

comparing t h e  s u c c e s s i v e  c o u n t s  of e a c h  s c a n .  If t h e  I t h  coun t  

is 70% g r e a t e r  t h a n  t h e  ( I  + 1) t h  c o u n t ,  t h e  program w i l l  check 

t o  see i f  i t  is a l s o  70% g r e a t e r  t h a n  t h e  ( I  + 2) t h  c o u n t .  I f  

i t  is, t h e  program w i l l  take I t h  c o u n t  a s  t h e  l e a d i n g  edge of 

the bone. T h i s  p r o c e s s  is r e v e r s e d  t o  o b t a i n  t h e  o ther  edge  

of t h e  bone. Two a d j a c e n t  c o u n t s  a r e  compared i n  o r d e r  t o  

e l i m i n a t e  t he  effects of a random v e r y  l o w  or v e r y  h i g h  c o u n t .  

The program is a b l e  It0 r e c o g n i z e  both edges of t h e  bone,  and 

hence c a l c u l a t e  a l l  of t h e  desired v a l u e s .  

START does t h i s  by 

t -  

- 
7 

- 

Another  f e a t u r e  of t h i s  program is its c a p a b i l i t y  f o r  

p r o c e s s i n g  a l a r g e  se t  of d a t a  a t  one t i m e .  T h i s  is because  i t  

u s e s  m a g n e t i c  t a p e  f o r  d a t a  i n p u t .  F i r s t ,  a f t e r  punching a l l  

t h e  s c a n s  on p a p e r  t a p e  w i t h  a t a l l y  punch,  w e  c o n v e r t  t h e  p a p e r  

t a p e s  t o  magne t i c  t a p e  i n  B ina ry  mode w i t h  a CDC 940,  t h e n  w e  can  

u s e  t h e  magne t i c  t a p e  l a t e r .  A sample r u n  of t h e  program is 

a t t a c h e d  w i t h  t h i s  l i t e r a t u r e .  The c o d i n g  for t h i s  program is 

e x t e n s i v e ,  and is therefore n o t  l i s ted  If needed ,  c o p i e s  

can  be s u p p l i e d  upon r e q u e s t  



I n  r e g a r d  t o  paper t a p e  cod ing ,  t h i s  program u s e s  t h e  

same c o d i n g  (2)  w i t h  one excep t ion - - the  c o n v e r s i o n  is done w i t h  

CDC 940. 

DISCUSSION 

During t h e  p a s t  f e w  y e a r s  w e  have r u n  thousands  o f  s c a n s  

a n d  have  g a t h e r e d  a g r e a t  d e a l  of new i n f o r m a t i o n  a b o u t  o u r  

a p p l i e d  t echn ique .  T h i s  i n f o r m a t i o n  h a s  been p u t  on IBM c a r d s  

i n  a s i m p l e  coded form f o r  f u r t h e r  a n a l y s i s  w i t h  t h e  computer .  

For t h e  accumula ted  d a t a  from i n d i v i d u a l s ,  w e  have developed  

a p l o t t i n g  program, which is c a p a b l e  of  d o i n g  any k i n d  of 

c o r r e l a t i o n  between bone m i n e r a l  w i d t h ,  d iameter ,  a g e ,  h e i g h t ,  

e tc .  The program u s e s  t h e  method o f  l e a s t  s q u a r e s  f o r  o b j e c t i v e l y  

f i t t i n g  l i n e s  and c u r v e s .  I 

The a n a l y s i s  of least  s q u a r e s  is by far t h e  most g e n e r a l  

and c a n  be followed w i t h  t h e  u s e  of any i n t r o d u c t o r y  s t a t i s t i c  

t e x t ,  T h i s  t y p e  of a n a l y s i s  is mos t ly  used  a s  a tool  i n  t h e  

d i a g n o s i s  of o s t e o p o r o s i s  or other  d e m i n e r a l i z a t i o n  of bone. 

The l a s t  three pages  o f  t h i s  r e p o r t  show t h e  CDC FORTRAN 

63 copy of t h i s  program, c a l l e d  NIK, which can  be used  on CDC 

3600. Mote t h a t  t h i s  program u s e s  CALCOM P l o t  w i t h  t h e  r o u t i n e  

GRAPH. However,  t h i s  r o u t i n e  may n o t  be t h e  same on o the r  

CDC machines .  
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Line p r i n t e r  o u t p u t  

F i g u r e  1 

Here is shown a l i n e  p r i n t e r  

o u t p u t  w i t h  markers showing how 

I, and Io v a l u e s  have been chosen.  

B e l o w  is t h e  t e l e t y p e  p r i n t e d  copy 

of t h e  same scan  which shows how 

t h e  cor responding  Io and Io v a l u e s  

have been punched on paper tapp. 

BONE 2 program w i t s  r u n  w i t h  t h i s  

data. The r e s u l x  i d  shown i n  

o u t p u t  f i l e  name o u t p u t ,  The 

t o t a l  r u n  t i m e  w a s  60 seconds  

and t h e  whole program w a s  abou t  

200 characters long.  

* 

* 

t t 
I @ @  1 1 :22 :69: 678: 686: 670 : 689 :61@ : 625: 165:83 : 6 6 : 3 7 :  73 :93. :87 : 1 15  
102 1@5:129 :118:97 :91 :61 :88:130 :206:351 :GI : h 6 3  :656:66(7)  :7m : 6 4 7  
lf44 731 : 430 2254 : 173  : 109 : 61 :72 : 187 : 1 1 1 : 1 12 : 139 : 13H: 1 1$3 : 62 : 68 : 49 
18 6 53 :73 : 1 4 4  :364 :8 :O 



Program BONE 2 for 70% edge determination at full speed. CONTINUE 



3 3 1  'JFiITE A 2 r 1 ' i ? 1 G H T  EDGE IdR(3NG" 
335 G9 TO 341 
347 '.Ji?TTF: # 2 r " R I G H T  EDGE CORRECT" 
,741 L E T  G<O)=G 
342 LET H ( O ) = H  
343 L E T  N(O)=N 
3441-ET Y ( 0  1 = Y  
345 L E T  X < O ) = X  
346 L E T  C:(O)=C: 

355 I F  R ( I + l ) < > T ?  THEN 375 
356 LET G I = n  
357 L E T  G 2 = 0  
358 L E T  G 3 = @  
,359 L E T  G4=9 
3653 L E T  G5=0 
3 6 1  LET G6=@ 
362 FOI' K=I TO 0 
363 LET Gl=Gl+G(K> 
364 L E T  G2=G2+H<K)  
365 LET G 3 = G 3 + N ( K )  
3 6 6  L E T  G 4 = G 4 + Y ( K )  
367 L E T  GS=G5+X(K) 
368 L.ET G G = G 6 + C ( K )  

35@ READ # F l J R ( I + l )  

369 NFYT K I 
3717) ':fl?T T E  C ~ J " A \ I ~ ~ I ? A G E . C ;  :" 
3 7 1 '~117 I T F. f 2  J G 1 / O  ; TAR ( 2 2 ) 5 G 2  /O 5 TAR ( 3 6 1 P G3/O 5 TAR ( 42 ) I G 5/i) ; TAR ( 52 1 f G 610  
373 GO TO 1 0  
375 L E T  A ( l ) = P < J + l )  
38'7 L E T  M = 2  
385 LET ( V = G  
3 K 7  LET O = O + l  
394 GO TO I n 3  
9999 END 

Program BONE 2 for 70% edge determination at f u l l  speed. 

2.631 69 3.1 S5!39 17 

18.5 5?*S5(,243 2.13601 
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T I M E 9  0 0 0 
* 

. - ........... 

. . .  ...... - . 

GOO0 SCAN, NUMBER 3 
1021,OO 102OoOO 1063oOO 1Ol4.00 1069.08 1044.00 

l l 7 r O 0  9 5 ~ 0 0  9 9 - 0 0  95-00 114.00 106.00 
990 00 868.00 994.00 1004.00 

857.00 

158.00 116000 86.00 77.00 93.00 100.00 

.- 
995-00 - - - --- - - 

984-00 
_ .  - 

CURRENT I-ZEROSTAR (LEFT 3 10330750) (RIGHT * 994.006) 
0.00 1018.00 1011.38 1013.88 

i INTEGRAQON EI 

....... ...... . . . . . . . . . . .  

.... - .. ..-. . -. - .. ...... . 

i 



1 1821000 1 0 1 8 e O O  YO5000 879,OO 
1 97 .00  1 0 4 . 0 0  132.OQ 138000 
1 8 4 . 0 0  108.00 115.00 1[45,00 
1 999.00 1031*00 1000000 1010000 

I 973.00 780.00 521 000 327.00 
I ",32.00 146,OO 1 4 9 0 0 0  116200 
t L34.00 331.80 508000 684000 

9SS,OO 

GAN WITH 521, AN0 E.NU€O WITH 6840 

- _ . . _  - "  984.00 1000.00 97ZoQO 

.. . ._ 



i 

b 
0 
m 
2 
0 
b-4 

k- 
w 
cn 
0 a 

I 
! 

j 

! 
i 

i 

I 

! 

! 
1 

I 

! 

: 
, 

I 

i 

i 
I 

i 
! 
i 
I 

I 

i 
j 
I 

! 

I 

I 

I 

I 
! 

! 
i 
! 
I 

I 

i 
! 

I 
i 

I !  I 



I 



FTNS.41 





COO- 1422-60 

A DICHROMATIC FOR THE MEASUREMENT 

OF BONE MINE 

P h i l i p  F. Judy and John R, Cameron 

The t r a n s m i s s i o n  of t h e  e s s e n t i a l l y  monochromatic 

photon beams from 1251 and 

t h e  body has  been used t o  de termine  the  bone m i n e r a l  components 

and s o f t  t i s s u e  components of t h e  p a t h s .  The method is be ing  

'Am through v a r i o u s  p a t h s  of 

i n v e s t i g a t e d  because of  its s i m p l i c i t y  and its p o t e n t i a l l y  

good p r e c i s i o n ,  Good p r e c i s i o n  w i l l  pe rmi t  t h e  d e t e r m i n a t i o n  

of smal le r  bone m i n e r a l  changes.  T h i s  r e p o r t  d i s c u s s e s  the 
i 

1 t heo ry  of t h e  method and some p r e l i m i n a r y  resul ts .  

The use  of photon beams of t w o  e n e r g i e s  t o  measure body 

composi t ion has been s t u d i e d  by v a r i o u s  i n v e s t i g a t o r s  ( 1 , 2 , 3 , 4 ) .  

Dichromography has been used t o  d e s c r i b e  t h i s  method (5), but  

t h i s  t e r m  s u g g e s t s  an fl imagelt  is t h e  r e s u l t  of t h e  measurement, 

which is mis l ead ing ,  We p r e f e r  "dichromatic  abso rp t iome t ry"  

t o  d e s c r i b e  t h e  method. 

THEORY 

The t r a n s m i s s i o n  of two monochromatic x-ray or y-ray 

beams through a p a t h  of t h e  body, t h a t  is assumed t o  be composed 

of t w o  s u b s t a n c e s ,  bone mine ra l  and s o f t  t i s s u e s ,  is d e s c r i b e d  

by e q u a t i o n s  ( 

where: Io = u n a t t e n u a t e d  i n t e n s i t y  

I = t r a n s m i t t e d  i n t e n s i t y  



p = mass attenuation coefficient 
2 mass in g/cm I f M I f  = 

ST = subscript referring to soft tissue component 

BM = subscript referring to bone mineral component 

The numbered subscript identifies the photon beam. The 

solutions of these simultaneous equations for M and M are: ST BM 

The expressions for Ki are: 
- 

K1 - 'ST,2lD 

K2 - 'ST, l/D 
- 

- 
K3 - ~ B M  , dD 
'4 - ~ B M ,  dD - 

BM,1 'St,2 -pBM,2 'ST,l where: D = p 

MEASUREMENT SYSTEM 

The components of the measurement system are illustrated 

The collimated sources, 125~ and 241Am (7), are in Figure 3. 

mounted on a wheel which can reproducibly place either source 

in the counting position. A l/ I? diameter collimated detector 

is permanently fixed above the counting position. Collimators 

from 1/16?' to 3/8" are also available for use with the system. 

Preliminary measurements indicate little variation of the 

measurement of %he bone mineral comp nent as a function of 

collimation size. The etector use is a commercially available 

integral mount NaI (Tl) scintillation detector ( 8 ) .  The pulses 

from the p h o ~ ~ ~ u l t i ~  ier tube are analyzed and recorded with a 
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spec t rometer  (Baird A t o m i c ,  Model 530).  The p a r t  of t h e  body 

being examined (p re l imina ry  work h a s  been r e s t r i c t e d  t o  bones 

of t h e  hand) is he ld  i n  p l ace  between t h e  source and t h e  d e t e c t o r  

by a p l a s t e r  of par . is  mold of t h a t  p a r t  of t h e  body. The mold 

is s e c u r e l y  and r e p r o  y he ld  by guide  p i n e s  a t t a c h e d  t o  

t h e  appara tus .  

The una t t enua ted  i n t e n s i t y  of t h e  photon beams is not  

measured d i r e c t l y ,  ra ther  a s t a n d a r d  of copper and l u c i t e  has  
1251 been c o n s t r u c t e d  t h a t  has  about  t h e  same a t t e n u a t i o n  f o r  

and 241Am as t h e  p a r t  of t h e  body examined. A comparison w i t h  

t h e  t r ansmiss ion  of t h i s  s t a n d a r d  is made i n s t e a d  of a measure4 

ment of t h e  una t t enua ted  i n t e n s i t y .  T h i s  comparison measurement 
I 

reduces  t h e  c o r r e c t i o n  on the  r a t i o  a s s o c i a t e d  w i t h  dead t i m e  , 

because approximately t h e  same c o r r e c t i o n  is made on each  count 

rate. This  procedure a l s o  minimizes t h e  changes of g a i n  of tho  

p h o t o m u l t i p l i e r  t ube  a s s o c i a t e d  w i t h  sudden l a r g e  changes of 

i n t e n s i t i e s .  The sequence of measurements ( I ,  11, 111, I V )  

made fo r  each de te rmina t ion  of t h e  bone minera l  component is 

i l l u s t r a t e d  i n  F igu re  4. 

ESTIMATE OF PRECISION 
-I- 

The above procedures  have been i n v e s t i g a t e d  i n i t i a l l y  w i t h  

an  o l d e r  appa ra tus .  The bone mine ra l  component of midshaf t  of 

t h e  t h i r d  proximal phalanx of a normal 26 yea r  o l d  w a s  measured 

on 1 5  d i f f e r e n t  days over  a pe r iod  of s i x  weeks. Measurements I ,  

11,  111, I V  were repea ted  f i v e  t i m e s  each  day. The de t e rmina t ion  

of t h e  bone from each  of t h e  f i v e  measurements w a s  averaged. 

The s t a n d a r d  d e v i a t i o n  of this average over  t h e  s i x  week per iod  

was 1%. The r e s u l t s  a r e  summarize i n  Table  I. 
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A t  t h e  same t i m e  measurements I11 were repeated 

f i v e  t i m e s  w i t h  no movement of sou rce  and t h e  hand be ing  removed 

from t h e  mold between each  measurement. The a n a l y s i s  of t h e  

v a r i a t i o n s  sugges t ed  t h e  major s o u r c e s  of error were t h e  v a r i a -  

t i o n  of t h e  p o s i t i o n  of t h e  s o u r c e s  and t h e  v a r i a t i o n  of t h e  

p o s i t i o n  of t h e  bone. The v a r i a t i o n  of t h e  p o s i t i o n  of t h e  

s o u r c e s  c o n t r i b u t e d  twice t h e  v a r i a t i o n  of t h e  p o s i t i o n  of t h e  

bone, Because of these measurements a new a p p a r a t u s  w a s  con- 

s t r u c t e d  and p r e l i m i n a r y  measurements i n d i c a t e  t h e  v a r i a t i o n  

due t o  source  p o s i t i o n  is minimal w i t h  t h e  new a p p a r a t u s .  

ERROR A N A L Y S I S  
I 

The t w o  major s o u r c e s  of u n c e r t a i n t y  i n  t h e  measurement 

of t h e  bone m i n e r a l  component; are: (1) u n c e r t a i n t i e s  of t h e  

c o u n t i n g  ra te  and (2) v a r i a t i o n  of t h e  bone mine ra l  i n  t h e  

photon beam due t o  r e p o s i t i o n i n g  errors.  The c o n t r i b u t i o n  of 

t h e  u n c e r t a i n t i e s  i n  t h e  coun t ing  r a t e s  has been ana lyzed  u s i n g  

a s t a n d a r d  t echn ique  ( 6 ) .  The c o e f f i c i e n t  of v a r i a t i o n  of t h e  

bone m i n e r a l  component (0 ) due t o  t h i s  s o u r c e  of  error is: BM 

BM 
'BM 

where m o s t  of t h e  symbols have been p r e v i o u s l y  d e f i n e d  and 

o p  1 4  = C o e f f i c i e n t  of v a r i a t i o n  of 
O 1  

o2 = C o e f f i c i e n t  of v a r i a t i o n  of Po,2/12 

To i l l u s t r a t e  how om depends on t h e  bone mine ra l  and s o f t  

t i s s u e  components it has been ea c u l a t e d  f o r ' t h e  photon beams 
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Am assuming a and a2 are each 1%. For t h e  241 
1 of 1 2 5 ~  and 

&emainder of t h i s  paper, s u b s c r i p t  11111 refers t o  t h e  photon 

beam f r o m  1251 and s u b s c r i p t  fv211 refers t o  t h e  photon beam 

from 241Am. The r e s u l t s  are summarized i n  F igure  1. Experi- 

menta l ly  al and a2 are less than  1% i n  a f e w  minutes  t o t a l  

count ing  t i m e .  

t y p i c a l  va lues  of MBM aDd MsT of v a r i o u s  s i tes  for  o1 = CT 

If o1 and u2 are less than  1%, then  aBM is improved propor- 

t i o n a t e l y .  

The v a l u e s  of aBM are l i s t ed  i n  Table  11 for 

= 1%. 2 

To e v a l u a t e  t h e  change i n  t h e  coun t ing  rates due t o  an 

a c t u a l  change i n  t h e  bone mine ra l  i n  t h e  beam, t’he change i n  
I 

/Il and I /I2 were c a l c u l a t e d  assuming a 1% change i n  
I0,l 092 
t h e  bone minera l  i n  t h e  beam. T h i s  change could be due t o  

a r e p o s i t i o n i n g  error o r  an a c t u a l  change a t  t h e  o r i g i n a l  

measuring si te.  The r e s u l t s  are summarized i n  F igure  2. A 

r e s u l t  of these c a l c u l a t i o n s  is t h a t  t h e  percentage  change 

i n  I 

i n  I /I  for  a g iven  change i n  BM. Experimental ly ,  o1 has 

/I1 is 3 t o  20 t i m e s  larger t h a n  t h e  percentage  change 
0 2 1  

0 , 2  2 
been observed t o  be t w o  t o  f i v e  t i m e s  larger than  a2. 

also s u g g e s t s  t h e  p r imary  sou rce  of error is t h e  r e p o s i t i o n i n g  

T h i s  

error. 

FUTURE PLANS - -- 
Cons tan t s  K19 K p t  K3, and K4 i n  t h e  i n i t i a l  i n v e s t i g a t i o n  

have been estimated from publ i shed  a t t e n u a t i o n  c o e f f i c i e n t s  (9) 

and t h e  accuracy of t h e  technique  has no t  been estimated. 

Therefore t h e  method w i l l  be calibrated w i t h  a s h  s t u d i e s .  

Excised bones w i l l  be m i l l e d  i n t o  regular  shapes and t h e  t r a n s -  
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mission of various photon beams of these sections will be 

measured under various thicknesses of water. The method can 

be calibrated and its accuracy estimated by ashing and weighing 
\ 

the bone sections. .Other plans are listed below, 

1) Investigation of other photon sources. 

2) Investigation of effects of collimation. 

3 )  Estimated 'variation of mineral as function of position. 

4) Development of a scanning mode method. 

5) Investigation of the effbcts of trabeculae on aGeuracY. 

6 )  Development of software for computer analysis and 

record keeping for systems. 
I 

CONCLUSION 

These preliminary investigations indicate the bone mineral 

component of the finger can be measured with a precision of 1%. 

The primary source error was the variation of amount of bone 

mineral in the photon beam caused by some type of repositioning 

error. 
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TABLE I 

Summary of Repeat Measurements 
of Bone Mineral Component of 3rd Proximal Phalanx 

2 = .705 + .007 gm/cm MBM - 
(1%) 

2 = 1.822 - + .035 gm/em ‘ST 
(2 0 1%) 

Io,l/Il = 14.1 - + .3 
(1.4%) 

= 1.918 + .017 IO,Z’I2 - 
( 9%) 
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The c o e f f i c i e n t  of v a r i a t i o n  of the  bone mineral  
component a s  a f u n c t i o n  O P  t h e  bone mineral  component 
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Report of t h e  F i r s t  Bone Mineral Scanning Conference 
by - John R. Cameron 

Conversa t ions  w i t h  a number of s c i e n t i s t s  u s ing  the 

direct  photon a b s o r p t i o n  technique for  de te rmining  bons 

minera l  m a s s  lead t o  t h e  o r g a n i z a t i o n  of a one-day conference  

he ld  a t  t h e  Chicago O ' H a r e  Airport on A p r i l  25, 1969. I t  

w a s  a n t i c i p a t e d  perhaps 20 or 25 i n d i v i d u a l s  would be i n t e r e s t e d  

i n  p a r t i c i p a t i n g  i n  such  a conference ,  p r i m a r i l y  t o  exchange 

i d e a s  on t h e  technique .  The f i n a l  a t t endance  was approximately 

65 w i t h  about  10 o ther  i n d i v i d u a l s  who had wanted t o  soae bu t  

were unable  t o  fo r  one rsason or another .  A p E l i m i n a r y  survey  

i n d i c a t e d  t h a t  t h e  Chicago O ' H a r e  A i r p o r t  would be t h e  most 
I 

convenient  b u t  n o t  the  m o s t  congen ia l  l o c a t i o n  fo r  the meeting: 

The Conference was unusual  i n  s e v e r a l  respects, i t  had no 

o f f i c i a l  sponsor ,  i t  had no of f ic ia l  suppor t  and i t  had no 

p u b l i c i t y  other than  c o n t a c t s  w i t h  i n d i v i # u a l s  who had i n s t r u -  

menta t ion  for t h i s  t e c h n i q u e  or planned t o  be us ing  t h e  technique  

i n  t h e  n e a r  f u t u r e .  The re  were also a number of coxmercial  

r e p r e s e n t a t i v e s  who have an  i n t e r e s t  i n  b u i l d i n g  i n s t r u m e n t a t i o n  

or f u r n i s h i n g  r a d i o a c t i v e  sources for  t h e  ins t rument .  A list 

of t h e  names and addresses of t h e  a t t e n d e e s  together w i t h  t h e  

names and a d d r e s s e s  of a number of i n d i v i d u a l s  who were i n t e r -  

ested i n  a t t e n d i n g  b u t  were n o t  able t o  is inc luded  i n  t h e  

appendix. Also inc luded  i n  t h e  appendix is a list of t h e  

v a r i o u s  Medical Cen te r s  c u r r e n t l y  u s i n g  the technique  together  

w i t h  t h e  name of a n  i n d i v i d u a l  who can be con tac t ed  t o  o b t a i n  

f u r t h e r  in format ion  on t h e i r  work. I a m  s u r e  t h a t  there a r e  
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other c e n t e r s  t h a t  s h o u l d  be i n c l u d e d  b u t  u n f o r t u n a t e l y  I 

do  n o t  have t h a t  i n f o r m a t i o n .  

No summary report  w a s  w r i t t e n  of t he  meet ing .  A number 

of t h e  speakers  d i d  hand o u t  p r e - p r i n t s  o r  r e p r i n t s  of t h e i r  

work. Tape r e c o r d i n g s  were made of t h e  p r o c e e d i n g s  and thezse 

are a v a i l a b l e  fo r  l o a n  to i n t e r e s t e d  i n d i v i d u a l s .  

Th2ra w a s  a n  ex tended  d i s c u s s i o n  of  acceptable u n i t s ,  

t e rmino logy  and c a l i b r a t i o n  devices. An i n f o r m a l  committee 

of s s v e r a l  p h y s i c i s t s  was formed t o  h e l p  c l a r i f y  the s i t u a t i o n .  

When the i r  d e l i b e r a t i o n s  are c o n p l e t e ,  t h e y  w i l l  be circulated 

t o  t h e  p a r t i c i p a n t s  of t h e  c o n f e r e n c e  fo r  t h e i r  i n f o r m a t i o n .  
I 

The i n t e r e s t  of a number of comercial  c o n c e r n s  i n  t h e  

development of u n i t s  or  r a d i o h c t i v e  s o u r c e s  was e n c o u r a g i n g  

s i n c e  i t  s h o u l d  g r e a t l y  accelerate t h e  a p p l i c a t i o n  of t h i s  

t e c h n i q u e .  The commercial c o n c e r n s  i n v o l v e d  ara Nor land  

A s s o c i a t e s ,  Packard  I n s t r u m e n t  Coxpany, A t o m i c  Energy of 

Canada L i m i t e d  and Searle-Amershan. The addresses fo r  t h e s e  

c o n p a n i e s  a re  a v a i l a b l e  i n  t h e  list of a t t e n d e e s .  

Because of t h e  f a v o r a b l e  r e s p o n s e  of t h i s  mee t ing  and 

its g e n e r a l  conven ience ,  i t  is q u i t e  l i k e l y  t h a t  s i m i l a r  

m e e t i n g s  w i l l  be he ld  i n  t h e  f u t u r e .  
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A QUANTITATIVE MEASURE OF S K I N  TRANSPARENCY 

John R. Cameron, Gary F u l l e r t o n  and Mark Mueller 

I .  INTRODUCTION - 
It  has  been observed t h a t  there is a c o r r e l a t i o n  

between t h e  occurrence  of osteoporosis and t r a n s p a r e n t  

s k i n ,  which is p a r t i c u l a r l y  marked among women w i t h  

rheumatoid d i s e a s e  (1,2,3)* I t  has been sugges ted  t h a t  

a disorder of t h e  connec t ive  t i s s u e  ( co l l agen  d i s t u r b a n c e )  

could  u n d e r l i e  both t h e  phenomena of t r a n s p a r e n t  s k i n  and 

c e r t a i n  forms of osteoporosis (4 ) .  

The s k i n  t ransparency  i n  t h e  above mentioned s t u d i e s  

was determined by a q u a l i t a t i v e  judgment of t h e  v i s u a l  

appearance of t h e  s k i n  of t h e  back of t h e  hand. I n  order 

t o  determine the  e x t i n c t i o n  c o e f f i c i e n t  of s k i n  w e  have 

developed equipment t o  o b t a i n  a q u a n t i t a t i v e  measure of 

of t h e  l i g h t  t r ansmiss ion  of a s k i n f o l d  together w i t h  t h e  

t h i c k n e s s  of t h e  fo ld .  E x t i n c t i o n  c o e f f i c i e n t s  c a l c u l a t e d  

from these measurements w i l l  be c o r r e l a t e d  w i t h  bone 

mine ra l  measurements on t h e  same i n d i v i d u a l  u s ing  t h e  

technique  developed a t  t h e  Un ive r s i ty  of Wisconsin (5,6). 

Since  t h e  in s t rumen ta t ion  fo r  measuring s k i n  t rdns -  

parency and t h i c k n e s s  is b a s i c a l l y  s i m p l e ,  i t  is hoped 

t h a t  t h i s  t echnique  might  prove t o  be a re l iab le  s c r e e n i n g  

procedure f o r  osteoporosis. 

11, METHOD - 
A Lange s k i n f o l d  caliper w a s  modif ied so t h a t  one 
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* of its jaws c o n t a i n s  a small l i g h t  s o u r c e  and t h e  

opposing j a w  a CdS l i g h t  s e n s o r .  Wi th  t h i s  i n s t r u -  
** 

ment i t  is possible t o  o b t a i n  a s imul t aneous  measure 

of t h e  t h i c k n e s s  of a s k i n f o l d  and t h e  a t t e n u a t i o n  of 

a l i g h t  beam through t h e  s k i n f o l d .  

Measurements a r e  a t  p r e s e n t  be ing  t aken  on t h e  

back of t h e  hand o v e r  t h e  midsha f t  and d i s t a l  end of 

the  f o u r t h  metacarpal and on  t h e  web between t h e  index  

f i n g e r  and thumb on both hands.  These s i tes  were chosen 

because : 

1) t h e y  allow comparison w i t h  t h e  d a t a  of Mcbonkey 
e t  a l .  (1 ,2 ,3 )  which were a l so  t aken  on t h e  back 
of t h e  hand, 

2)  c l i n i c a l  o b s e r v e r s  first no ted  t h e  r e l a t i o n s h i p  
of t r a n s p a r e n t  s k i n  and o s t e o p o r o s i s  i n  t h e i r  
o b s e r v a t i o n s  of s k i n  on t h e  back of t h e  hand, 

3) a s k i n f o l d  which i n c l u d e s  l i t t l e  subcutaneous 
f a t  is normally found i n  these l o c a t i o n s ,  

4) t h e s e  a r e a s  a re  r e a d i l y  accessible f o r  measurement. 

111. RESULTS - 
Our p r e l i m i n a r y  data on 30 e l d e r l y  nuns does n o t  

allow s a t i s f a c t o r y  s t a t i s t i c a l  i n t e r p r e t a t i o n  bu t  dogs 

pe rmi t  t h e  f o l l o w i n g  t e n t a t i v e  c o n c l u s i o n s :  

1) I n d i v i d u a l  d i f f e r e n c e s  i n  s k i n f o l d  t h i c k n e s s  and 
s k i n  t r a n s p a r e n c y  a re  measurable  by t h i s  method. 

* Type 2102, 1 8 V ,  0 .040 amp., Chicago Min ia tu re  Lamp Works, 
Chicago, I l l i n o i s .  

** Clairex,  Model CL 907, A l l i e d  Radio E l e c t r o n i c s ,  Chicago,  
I l l i n o i s .  
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Skin fo ld  t r anspa rency  is p r i m a r i l y  dependent on 
t h e  t h i c k n e s s  of t h e  fold.  

Bone mine ra l  measurements of t h e  r a d i u s  correlate 
better w i t h  s k i n f o l d  t ransparency  than  w i t h  s k i n f o l d  
th i ckness .  

There is an  even h ighe r  c o r r e l a t i o n  between t h e  

e x t i n c t i o n  c o e f f i c i e n t  of t h e  s k i n f o l d  ( i .e .  l i g h t  
t r ansmiss ion  corrected for  s k i n  t h i c k n e s s )  and t h e  

bone mine ra l  c o n t e n t  of t h e  r a d i u s .  

A more a c c u r a t e  measure of s k i n f o l d  t h i c k n e s s  is 
necessa ry  t o  c lear ly  d e l i n e a t e  t h e  r e l a t i o n s h i p  
between s k i n  t r anspa rency  and bone mine ra l  con ten t .  

I 
IV. DISCUSSION --- 

The r e s u l t s  of i n i t i a l  measurements i n d i c a t e  t h a t  

o u r  goal of q u a n t i f y i n g  s k i n f o l d  t h i c k n e s s  and s k i n  t r ans -  

parency is o b t a i n a b l e .  Using o p t i c a l  d e n s i t y  s t a n d a r d s  

i t  is possible t o  o b t a i n  s t a n d a r d i z e d ,  r ep roduc ib le  

measurements. Curren t  effor t  is directed towards ob ta in -  

i n g  s u f f i c i e n t  d a t a  t o  determine t h e  c o r r e l a t i o n  c o e f f i c i e n t  

of t h e  degree of osteoporosis t o  t h e  e x t i n c t i o n  coeff ic ient  

of t h e  s k i n .  

A new ins t rumen t  is under c o n s t r u c t i o n  which u s e s  a 

Harpenden s k i n f o l d  c a l i p e r  (7) which  no t  on ly  w i l l  permit  

a much more pxecise measure of s k i n f o l d s  encountered on 

t h e  back of t h e  hand b u t  w i l l  a l so  permi t  t h e  measurement 

of t h e  s k i n  t r anspa rency  a t  t w o  closely spaced l o c a t i o n s .  

T h i s  m o d i f i c a t i o n  w i l l  a lso permit s t u d i e s  t o  determine 

t h e  optimum wavelength of l i g h t  t o  be used i n  t h e  abso rp t ion  

s t u d i e s .  The s t u d y  w i l l  c o n c e n t r a t e  on p a t i e n t s  w i t h  

rheumatoid a r t h r i t i s .  
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AN IMPROVED METHOD OF REPOSITIONING DISTAL END SITES 

OM THE LINEAR BQNE MINERAL SCANNE 

By: Mira B i l a e r  
J o y c e  L. F i s c h e r  
James A .  Sorenson  

I n t r o d u c t i o n  

A method f o r  improving  t h e  p r e c i s i o n  of bone m i n e r a l  

measurements  a t  t h e  d i s t a l  end  of t h e  r a d i u s  u s i n g  ou r  p r e s e n t  

h a s  been deve loped .  The f a c t  t h a t  l i n e a r  s c a n n i n g  d e v i c e  (1 )  

t h e  s h a p e  of t h e  r a d i u s  n e a r  its d i s t a l  end  is r a p i d l y  chang ing  

makes r e l o c a t i o n  of t h e  s c a n n i n g  s i t e  c r i t i c a l .  P r e v i o u s l y ,  

improved p r e c i s i o n  was o b t a i n e d  by s c a n n i n g  a t  three c l o s e l y  

spaced  i n t e r v a l s  a t  t h i s  s i t e ,  and u s i n g  t h e  a v e r a g e  of t h e  

three measurements .  The c l o s e l y  spaced  i n t e r v a l s  were l o c a t e d  
I 

by moving t h e  s c a n n i n g  mechanism, which  w a s  f i x e d  t o  a t r a v e l i n g  

microscope  p l a t f o r m  i n  3 mm s t e p s  a l o n g  t h e  l e n g t h  of t h e  bone. (2)  

T h i s  t e c h n i q u e  was n o t  r e a d i l y  a d a p t e d  t o  o u r  p r e s e n t  l i n e a r  

s c a n n i n g  d e v i c e .  The p r e s e n t l y  used  t e c h n i q u e  r e q u i r e s  t h a t  

t h e  s u b j e c t  remove and r e p o s i t i o n  h i s  arm between s u c c e s s i v e  

s c a n  measurements .  

M e t  hods 

Three  s u b j e c t s  w e r e  s t u d i e d  i n  t h e  i n v e s t i g a t i o n .  T h e i r  

arms a t  t h e  s c a n n i n g  s i t e  were enveloped  i n  t i s s u e  e q u i v a l e n t  

mater ia l ,  t h e  s o u r c e - f i n g e r  t i p  d i s t a n c e s  were 2 2 . 5  c m ,  23  c m  

and 1 9  c m ,  r e s p e c t i v e l y .  Three  s c a n s  were made on e a c h  s u b j e c t  

w h i l e  h i s  arm was i n  p o s i t i o n .  Then, t h e  t i s s u e  e q u i v a l e n t  

m a t e r i a l  was removed and t h e  s u b j e c t  w i thd rew h i s  arm. T h i s  

p r o c e s s  was r e p e a t e d  t w o  more t i m e s ,  Thus,  a t o t a l  of n i n e  

s c a n s  w e r e  o b t a i n e d  f o r  e a c h  s u b j e c t  w i t h  r e p o s i t i o n i n g  b e t w e e n  

s c a n s  No. 3 and 4, and s c a n s  No. 6 and 7. These measurements  



were r e p e a t e d  under  t h e  same c o n d i t i o n s  for n i n e  a d d i t i o n a l  days .  

R s s u l t s  

I The f o l l o w i n g  d a t a  r e d u c t i o n  p r o c e d u r e s  were used  t o  sqe 

i f  r e p o s i t i o n i n g  between s c a n s  improved p r e c i s i o n .  

A .  S t a t i o n a r y  Measurements --- s 

For each s u b j e c t  t h e  ave rage  bone m i n e r a l  c o n t e n t  ( i n  

c a l c u l a t o r  u n i t s )  w a s  c a l c u l a t e d  f o r  s c a n s  1, 2 and 3 of  t h e  

first day of measurement. The same was done for  t h e  first three 

s c a n s  of each  o f  t h e  f o l l o w i n g  n i n e  days .  Thus, t h e  a v e r a g e s  

of t h e  first three s c a n s  each  day were o b t a i n e d .  The s t a n d a r d  

d e v i a t i o n  of t h e  t e n  mean v a l u e s  w a s  found t o  be 4.02% f o r  

S u b j e c t  A ;  2.32% fo r  S u b j e c t  B; and 3.95% f o r  S u b j e c t  C. 

B. Repos i t i oned  Measurements 
I 

For each subject t h e  a v e r a g e  bone m i n e r a l  c o n t e n t  ( i n  

c a l c u l a t o r  u n i t s )  was c a l c u l a t e d  f o r  s c a n s  1, 4 and 7 of t h e  

f i r s t  day .  ( R e p o s i t i o n i n g  took p l a c e  between each of these 

s c a n s ) .  The same was done f o r  s c a n s  1, 4 and 7 made on  each  

of the  f o l l o w i n g  n i n e  days .  The s t a n d a r d  d e v i a t i o n  of t h e  t e n  

mean v a l u e s  of s c a n s  1, 4 and 7 o f  each day were f o m d  t o  be 

2*70% for  S u b j e c t  A; 2.62% f o r  S u b j e c t  B; and 2.07% for Sklbject C .  

Tab le  1 summarizes these resu l t s .  

D i s c u s s i o n  and Conc lus ions  

An improvement i n  p r e c i s i o n  of measured bone in ine ra l  was 

demons t r a t ed  by removing t h e  arm i n  between each  of t h e  three 

r o u t i n e  measurements on t h e  d i s t a l  end of t h e  r a d i u s  i n  two 

( S u b j e c t s  A and C) o f  t h r e e  c a s e s ;  no s i g n i f i c a n t  improvenent  

was found for S u b j e c t  B. 

These f i n d i n g s  are now b e i n g  used  i n  our d a i l y  p a t i e n t  

work. While t h e  p a t i e n t ' s  arm is n o t  r e p o s i t i o n e d  f o r  t h e  th ree  



r o u t i n e  s c a n s  near t h e  midshaft  of the  r a d i u s ,  i t  is removed 

and r e p o s i t i o n e d  for each  of t h e  three  r o u t i n e  scans  near t h e  

d i s t a l  end of t h e  r a d i u s ,  



T a b l e  1 

% S t a n d a r d  D e v i a t i o n  for t h e  D a i l y  Mean M i n e r a l  C o n t e n t  Measurement 
of the D i s t a l  End of t h e  R a d i u s  

S c a n s  1, 2 and  3 S c a n s  1, 4 and 7 a v e r a g e d  

(No R e p o s i t i o n i n g )  
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BONE MINERAL DETERMINATION: RADIOGRAPHIC PHOTODENSITOMETRY 

D DIRECT PHOTON ABSORPTIOMETRY 

C. Colbert and R. B. Mazess 

-- . 

I 

.- . . 

aBSTRACT 

The accuracy of predicting bone mineral content was assessed using t w o  

radiological methods. Direct photon absorptiometry used a monoenergetic 

radionuclide source ( 1251: at 27.4 Kev) with a scintillation detector-pulse 

height analyzer system for direct bone scans. Radiographic photodensitometry 
P 

. used an X-ray tube source with film as the detector; the bone image on the 

radiograph w a s  scanned with a photodensitometer-computer system. Mineral 

weight of standard bone sections (n=85) was predicted with a 3% standard 

error using photon absorptiometry and with a 6% error using photodensitometry. 
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Photodensitometric measurement of t h e  bone image on a radiograph has been 

i used f o r  over 30 years as a q u a n t i t a t i v e  i n d i c a t o r  of bone mineral  conten t ,  

but photodensitumetry has been viewed wi th  skepticism by many workers and very 

high inaccurac ies  (20 t o  50%) have been r e p o r t e d m 2  Among t h e  problems usua l ly  

c i t e d  are: (a) the  con t r ibu t ion  of s c a t t e r e d  r a d i a t i o n  from t h e  broad X-ray 

beam is a major source of e r r o r ,  (b) v a r i a b i l i t y  i n  f i l m  exposure, f i l m  response, 

and f i lm development cause e r r o r s ,  (c) t h e  energy spectrum from t h e  X-ray tube 

is braad and o f t en  va r i ab le ,  l ead ing  t o  l a r g e  u n c e r t a i n t i e s  i n  t h e  e f f e c t i v e  

absorption c o e f f i c i e n t s  of bone and s o f t  t i s s u e ,  and ( d ) , t h e  energy spectrum 

from t h e  X-ray tube i s  "hardened" i n  passing through s o f t  t i s s u e  dnd bone s ince  

the  lower energy component i s  p r e f e r e n t i a l l y  absorbed. 

photodensitometric method w a s  developed a t  t he  Pe l s  Research I n s t i t u t e  us-ing a 

Joyce-Loebl Mark I11 microdensitometer connected on-line t o  a LINC-8 computer. 

This method tends t o  minimize e r r o r s  a s soc ia t ed  wi th  s c a t t e r e d  r a d i a t i o n  and 

f i l m  v a r i a b i l i t y .  

same f i l m  as t h e  bone of i n t e r e s t ,  i s  f i r s t  scanned t o  determine f i lm  background 

I n  1967 an improved 

3 

The image of an aluminum reference  wedge, exposed on t h e  

dens i ty  and l e v e l  of exposure. The bone image is  then scanned i n  line-by-line 

fash ion  and t h e  computer c a l c u l a t e s  a bone index [FiV] propor t iona l  t o  t h e  bone 

mineral m a s s  i n  t h e  scanned image. The t i m e  requi red  t o  measure t h e  bone index 

f o r  a l-cm l eng th  of a phalanx o r  metacarpal is  about seven minutes; t h i s  inc ludes  

t h e  scan of t he  re ference  wedge which need be done only once pe r  f i lm.  

In c o n t r a s t  t o  photodensitometry, t h e  d i r e c t  photon absorption method devel- 

oped by Cameron and Sorenson4 a t  the  University of Wisconsin is  r e l a t i v e l y  f r e e  

of e r r o r s  s i n c e  t h e  problems given above f o r  photodensitometry are not encountered. 
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\ : 
Ab s o r p  t iome t ry 

27.4 Kev) as a 

uses  a monoenergetic r ad ionuc l ide  ( u s u a l l y  t i n - f i l t e r e d  '251 a t  

photon source  and a s c i n t i l l a t i o n  de tec to r -pu l se  h e i g h t  ana lyze r  

system, The source  and d e t e c t o r  are h i g h l y  co l l ima ted  (3  mm) t o  e l i m i n a t e  

e f f e c t s  of s c a t t e r e d  r a d i a t i o n .  The mechanical ly  l i n k e d  source  and d e t e c t o r  

are passed a c r o s s  t h e  bone of i n t e r e s t ,  and t h e  measured abso rp t ion  ("scan in-  

t eg ra l " )  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  bone mine ra l  mass i n  t h e  scan  pa th .  

Tdrhnica l  improvements r e p o r t e d  by t h e  Wisconsin' group gave d i r e c t  photon 

absorpt iometry a v a s t l y  s u p e r i o r  p r e c i s i o n  and accuracy compared t o  p rev ious ly  

r epor t ed  va lues  f o r  r ad iog raph ic  photodensi tometry.  We eva lua ted  t h e  accuracy 

a t t a i n e d  w i t h  t h e  F e l s  photodens i tomet r ic  method, and found i t  more n e a r l y  
I . comparable t o  t h a t  of absorpt iometry.  

E ight - f ive  bone s e c t i o n s ,  1-cm i n  axial  l e n g t h ,  were taken from e x t r e m i t i e s  

of human cadavers .  

0.1 mg, and impregnated w i t h  p a r a f f i n .  Radiographs of t h e s e  s e c t i o n s  w e r e  made, 

h a l f  on one- f i lm and h a l f  on another ,  w i t h  a convent iona l  X-ray set  (50 Kvp and 

3.4  mm A 1  f i1 t : r a t ion )  u s ing  no-screen f i lm .  

and ano the r  a t  70 m a s  t o  e v a l u a t e  r e l i a b i l i t y  wi th  vary ing  exposure.  The bones 

were prepared  and t h e  f i l m s  were t aken  i n  Wisconsin, b u t  t h e  f i l m s  were s e n t  to 

F e l s  f o r  au tomat ic  p rocess ing  and photodensi tometr ic .  m a l y s i s .  Determinat ions 

of bone mine ra l  con ten t  u s ing  photon absorp t iomet ry  were done on t h e  same s e c t i o n s  

at Wisconsin, 

s e c t i o n s  under 5-cm of water; t h i s  w a s  necessary  t o  e l i m i n a t e  t h e  e f f e c t  of o rban ic  

matter ( p a r a f f i n )  and t o  s i m u l a t e  s o f t  t i s s u e  cover.  

The s e c t i o n s  were ashed a t  600°C f o r  24 hours ,  weighed t o  

One set of f i l m s  w a s  made a t  50 m a s  

The abso rp t iome t r i c  scans ,  and t h e  rad iographs ,  w e r e  made wi th  t h e  

The p r e c i s i o n  of r e p e a t  abso rp t iome t r i c  measures on t h e  same s e c t i o n ,  o r  of 

r e p e a t  pho todens i tome t r i c  traces on t h e  same f i l m ,  w a s  h igh  (1 t o  2% e r r o r ) .  

Measurements of t h e  same s e c t i o n s  from f i l m s  a t  50 m a s  and 70 m a s  exposures  gave 



a high c o r r e l a t i o n  (r=0.99) and t h e  s t anda rd  e r r o r  of estimate i n d i c a t e d  an 

I 

Colber t  - 

u n c e r t a i n t y  of 4.4%. I n  a subsequent  experiment ,  twenty of t h e  e igh ty - f ive  

bone images were each rescanned f i v e  t i m e s .  Average bone indexes were d e t e r -  

mined from t h e  50 m a s  and 70 m a s  f i l m s ,  The c o r r e l a t i o n  between bone indexes 

from these  two f i l m s  w a s  r=0.993; t h e  average bone index from t h e  70 m a s  f i l m  

can be p r e d i c t e d  from t h e  average bone index from t h e  50 m a s  f i l m  w i t h i n  3.8%. 

Other workers us ing  photodensi tometry r e p o r t  between-film u n c e r t a i n t i e s  of 

from 5 t o  S ince  our  f i l m s  were taken a t  a s i n g l e  t i m e  and developed 

toge ther , ,  low v a r i a b i l i t y  i n  f i l m  exposure and development may be  r e spons ib l e  

f o r  our  somewhat h ighe r  p r e c i s i o n .  

absorpt iometry is  about  1% f o r  measurements on s t anda rds  and 2% f o r  measurements 

of  bones in 

The long-term p r e c i s i o n  r epor t ed  f o r  photon 
I 

The r e g r e s s i o n  equa t ions  ( p l o t t e d  i n  F igures  l a  and l b )  and c o r r e l a t i o n s  

r e l a t i n g  t h e  r a d i o l o g i c a l  measures t o  bone mine ra l  conten t  were: 

FELS: 50 MAS Ash weight(g)  = 1.0969 Bone Index + 0.0582; r = 0.983 

FELS: 70 MAS Ash weight(g)  = 1.0906 Bone Index + 0.0578; r = 0.979 

WIS CQNSIN Ash weight(g)  = 0.0377 Scan I n t e g r a l  + 0 .0747 ;  r = 0.995 

The c o r r e l a t t o n  between t h e  two methods also was h igh  (r=0.97 t o  0.98) and 

t h e  u n c e r t a i n t y  i n  e s t i m a t i n g  one index  from t h e  o t h e r  w a s  about 7%.  

u n c e r t a i n t y  i n  p r e d i c t i o n  ( s t anda rd  e r r o r  of estimate) of t h e  ash  weight  us ing  

absorp t iomet ry  w a s  3% whi l e  t h e  u n c e r t a i n t y  us ing  the F e l s  method of photoden- 

The 

s i tome t ry  w a s  6%. Apparent ly  t h e  c o r r e c t i o n  f o r  f i l m  background d e n s i t y  and 

E c a t t e r i n g  used i n  t h e  F e l s  method allowed a much h ighe r  accuracy than achieved 

by o t h e r  photodens i tomet r ic  approaches.  Some of t h e  e r r o r  u s ing  photon absorp- 

t iomet ry  r e s u l t s  from u s e  of a narrow (3-mm) beam which does n o t  measure the  

e n t i r e  1 - c m  bone s e c t i o n ;  on s t anda rds  of uniform shape t h e  accuracy of absorp- 

t iometry i s  l i m i t e d  by photon count ing  s ta t i s t ics  and is t y p i c a l l y  about 1 t o  2%. 
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Some of the  u n c e r t a i n t y  i n  t h e  photodens i tomet r ic  p r e d i c t i o n  of a s h  weights  

may be due t o  u n c e r t a i n t i e s  i n  t h e  a s h  weight  de te rmina t ions  r a t h e r  than t o  

e r r o r s  of t h e  F’mtodensi tometr ic  metbod and lrznce t h e  6% e r r o r  may be  an  

overes t imat ion .  

Even though t h e  p r e c i s i o n  and accuracy of t h e  F e l s  photodens i tomet r ic  

rqethod are probably s l i g h t l y  lower than  a t t a i n e d  w i t h  d i r e c t  photon absorp- 

t iomet ry ,  t h e  r ad iog raph ic  method o f f e r s  some advantages:  (a) f i l m s  can be  

made r a p i d l y ,  (b) l o c a t i o n  and r e l o c a t i o n  of measurements are f a c i l i t a t e d ,  

(c) a v i s i b l e  record  is  maintained on which t h e  e n t i r e  bone can be  scanned i n  

a l ine-by- l ine  f a sh ion ,  (d) examination of t h e  a x i a l  s k e l e t o n  may be f a c i l i t a t e d  

and (e) X-ray machines are r e a d i l y  a v a i l a b l e .  Cor rec t ion  f o r  background d e n s i t y  

of t h e  rad iograph  a l lows  photodensi tometry t o  achieve  an accuracy s u i t a b l e  f o r  

use  i n  surveys  of s k e l e t a l  s t a t u s  and f o r  c e r t a i n  l o n g i t u d i n a l  s t u d i e s  and 

c l i n i c a l  and d i a g n o s t i c  a p p l i c a t i o n s .  

Charles Colbe r t  
\ 
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Richard B. Mazess 
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7. 

LEGENDS 

Figure l a  i s h  weight (g) p l o t t e d  aga ins t  F e l s  bone mineral  index [IJV] ; 

f o r  85 s tandard  1-cm sec t ions  of human bone. 

Figure l b  Ash weight (g) p l o t t e d  aga ins t  absorptiometric bone mineral  

index (scan i n t e g r a l ) ;  f o r  85 standard 1-em sec t ions  of 

human bone. 
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R. B, Mazess 

Measurementqof bone mineral  conten t  w e r e  made, 
using a radiometric method, on inhab i t an t s  of Wainwright, 
Alaska, during J u l y  1968, The direct photon absorpt ion 
method for bone mineral  measurement w a s  used t o  eva lua te  
skeletal s t a t u s  i n  this  Eskimo community, 

Methods 

D i r e c t  photon absorptiometry has been ex tens ive ly  
developed a t  the Radioisotope Laboratory of the  Universi ty  
of Wisconsin, and has been shown to  be an accurate  and pre- 
cise method f o r  measurement of bones vivo (Cameron 
and Sorenson, 1963: Cameron Grot 1968; Sorenson and 
Cameron, 1967) . A monoenergetic radionucl ide photon source 
i s  passed across the measurement s i t e  and the t ransmi t ted  
r ad ia t ion  measured w i t h  a s c i n t i l l a t i o n  detector-pulse 
he igh t  analyzer system, I n  the Madison laboratory the 
r e s u l t s  are usua l ly  punched on paper tape for computer 
ana lys i s ,  b u t  for the Wainwright measurements a new device 
for logari thmic conversion of a ratemeter s i g n a l  was used 
and the r e s u l t a n t  data recorded on a poteniometric chart 
recorder, The recorder data w a s  analyzed la ter  i n  Madison, 

On each of the Wainwright sub jec t s  absorpt iometr ic  
scans w e r e  made on the  s h a f t  of the r ad ius  and of the 
ulna using a 1251 source; scans w e r e  also made w i t h  241&m 
on the humerus midshaft, Two or three repea t  measurements 
w e r e  made a t  each loca t ion  on mos t  subjects .  This pre- 
l iminary ana lys i s  deals only w i t h  the r ad ius  data, 

I n i t i a l l y  93 people w e r e  measured including 31 
female and 28  m a l e  ch i ldren ,  and 8 adu l t  males, Five of 
the youngest ch i ld ren  had poor r e s u l t s ,  probably due t o  
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movement du r ing  the measurements, and  the i r  d a t a  w e r e  
e l imina ted ,  Of the a d u l t s  one e l d e r l y  m a l e  (age  80) 

and one e l d e r l y  female (age 62) w e r e  c l e a r l y  o s t e o p o r o t i c  
and t h e i r  d a t a  w e r e  n o t  i nc luded  i n  the a n a l y s i s ,  \ 

Another younger m a l e  (age 21) w i t h  reported endocr ine  
a b n o r m a l i t i e s  and v e r y  a b e r r a n t  bone mine ra l  w a s  also 
excluded. The f i n a l  sample is o u t l i n e d  i n  Table 1 
------I--P----------~--~-----~--------------------~----~--- 

TABLE 1 
@.&line of Wainwrisht Eskimo Samples 

MALES FEMALES 
n Aue Ranqe - n Ranqe - 

C€IIIiDREN 28 5-17 y e a r s  26 6-17 y e a r s  
ADULTS 24 19-66 years 7 20-54 y e a r s  

P r e c i s i o n  of the measurements w a s  examined by8 

measuring a s t a n d a r d  i n  b o t h  Madison and Wainwright u'sing 
t h e  same system, There w a s  v i r t u a l l y  no s y s t e m a t i c  
d i f f e r e n c e  between r e s u l t s  from t h e  t w o  locations, bu t  
there was more measurement v a r i a b i l i t y  i n  Alaska (Table 2). 
The n a t u r e  and e x t e n t  of the d i f f e r e n c e s  between r a s u l t s  
w i t h  the 1251 and 241Am sources  w e r e  s i m i l a r  t o  t h o s e  
theore t i c a l l y  expected,  

TABLE 2 
Comparison of Absorptiometric Scans on an A 1  Standard  I n  

Wisconsin and Alaska 

INTEGRAL WIDTH 
cv 

_uu M e  an - CV Mean - 
1 2 5 ~  .t Wainwright 121.35 3,24% 8,374 2.03% 

Madison 121.27 1.03 8,400 0-91 
Wainwright 38,638 3-58 8,151 1-98 

241Am Madison 38.430 2-32 8,190 1,39 
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Adults: The bone measures f o r  the Eskimo adu l t s  
are compared with those f o r  U. S. w h i t e s  i n  Table 3, 
Both m a l e  and female Eskimos have values f o r  bone 
m h e r a l  content and bone width almost the same as the 
mean values  f o r  t he  whites, Regression ana lys i s  showed 
t h a t  a t  a bone width of 1.4 c m  the estimated mineral 
content f o r  t he  Eskimo males w a s  1.17 g/cm while f o r  
the whites it w a s  1 - 2 1  g/cm: the  corresponding values for  
females w e r e  1.10 g/cm and 1-06 g/cm. Given t h e i r  s m a l l  
body s ize ,  the  Eskimos have a r e l a t i v e l y  high bone mineral  
content. However, t h i s  may r e s u l t  from t h e  grea te r  
body weight and heavier  body bui ld  of these Eskimos 
compared to  U. S. whites. The sex difference i n  bone 
mineral. content  w a s  somewhat smaller i n  the Eskimo Than 
i n  the  whites: t h i s  may be due t o  the smaller sexual 
dimorphism f o r  body bui ld  i n  the E s k i m o s ,  

TABLE 3 
Comparison on Bone Measures For 

Eskimo and White Adults 

MINERAL WXDTH 
SD cv 

Eskimo l e 2 2  0.12 10.1% 1.47 0.10 6.9% 
White 1 , 2 8  0.17 13,5 1.50 0.14 9.4 

Eskimo 0.95 0.15 15.7 1.22 0.22 18,1 
White 0.92 0.12 13.2 1.25 0.13 l0,6 

_. - Mean - cv Mean - SD - m a s :  c 

FEMALES : 

Children: The morphological c h a r a c t e r i s t i c s  and 
bone measures for Eskimo chi ldren are compared with those 
f o r  U, S o  white school chi ldren i n  Table 4, The U, So 
white chi ldren,  p a r t i c u l a r l y  the males, w e r e  younger than 
t h e i r  Eskimo counterparts.  These age differences w e r e  
r e f l ec t ed  i n  p a r t  by differences of body size. 
of height  and weight differences indicated t h a t  the Eskino 
ch i ldren  w e r e  r e l a t i v e l y  heavier  than white chi ldren per 

The pa t t e rn  
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u p i t  ef stature.  Since a r m  circumference and skinfold 
did not  show the  Eskimos t o  be fa t te r  than the  whites, 
the difference seemed to indica te  a general ly  heavier 
body bu i ld  f o r  the  Eskimos. 
------------------------HIII-------------------------------- 

TABLE 4 
M13rpholocw and Bone Measures For 

White and Eskimo Children 

Male Children: 
AGE (months) 
STATURE (cm) 
WEIGHT (kg) 
ARM CIRCM, (cm)  
ARM SEEINFOLD (mm) 
BONE MXNERAL (g/cm) 
BONE WIDTH (cm) 

Female Children: 
AGE (months) 
STATURE (cm) 
WEIGHT (kg) 
ARM CIRCUM. ( cm)  
ARM SKINFOLD (mm) 
BONE MINERAL (g/cm) 
BONE WIDTH (cm)  

ESKIMO 
Mean _. SD - 
147.4 45.9 
146.8 22.1 
4 5 , l  16.5 
21-8 3,4 
7.5 109 
.801 ,234 
1-17 ,179 

142-3 38-6 
143,7 15,6 

22.1 4.3 
45a3 15.7 

13,9 6,8 
-7’26 ,181 
1,07 ,167 

II_ cv - 
32.2% 

36.7 
15-4 
26.1 
29.2 
15-3 

15,o 

27.5 
10.8 
34-7 
19.5 
49.0 
24,9 
15.7 

WHI  TE 
SD _. cv - Mean I 

l 2 l e 6  27.6 22,7% 
142.3 13-7 9.6 

35.6 12-6 35.3 
20.7 3-9 18.9 
10,3 4,8 46.9 
-636 -145 22.9 
1-11 .145 13.0 

128.8 28,O 21,7 

35.6 12.2 34.3 
20-4 3,O 14.9 
11.3 4,6 40-4 
,610 .149 24.4 
1,04 ,143 13-7 

144.6 14a7 10.2 

The Eskimo chi ldren had a higher bone mineral 
content  than the whites, b u t  t h i s  r e f l ec t ed  i n  par t  group 
differences i n  age, height ,  weight and bone width. I n  
both Eskimos and whites these f ac to r s  w e r e  highly cor re la ted  
with bone mineral  (Table 5 ) .  Regression analysis was 
therefore  used t o  assess the import of these fac tors ,  
--II---------------------------------~---~----------------- 

TABLE 5 
Correlat ions of Bone Width, Heiqht,  Weiaht, and with 

Bone Mineral C o n t e n t  i n  Eskimo and White Children 

n 

ESKIMO WHI TE 
Male Female - M a l e  Fema.le 

26 28  108 86 
STATURE 0.84 0-89 0-85 0.84 
WEIGHT 0.93 0,82 0.81 0,86 
STATURE & WELGIlT 0,94 0,89 0,86 0.88 
BONE FIIDTH 0,84 0.85 0-84 0,SG 
AGE 0.90 o,a4 0,74 0 *, 81 
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The convent ional  measure used for eva lua t ion  of 
skeletal s t a t u s  by the Radioisotope Laboratory is the bone 
mineral  con ten t  per u n i t  of bone w i d t h ,  
a n a l y s i s  i n d i c a t e d  that  Eskimo c h i l d r e n  have a higher 
bone mlneral  con ten t  per u n i t  bone w i d t h  than the 
w h i t e s ,  and consequently their  skeletal s t a t u s  would be 
considered adequate, For example, at a bone w i d t h  of 
1.0 c m  the mineral  conten t  for  Eskimo boys would be 
0.616 g/cm compared to  0.541 g/cm i n  w h i t e s :  the  corres- 
ponding va lues  for g i r l s  w e r e  0,663 and 0,570 g/cm. 
Thio would i n d i c a t e  about 10 t o  15% g r e a t e r  mineral  con ten t  
i n  Eskimo ch i ld ren ,  bu t  would not  t ake  i n t o  account the 
heavier body b u i l d  of the Eskimos,  
t ak ing  i n t o  account height and weight, w a s  used t o  assess 
the effect of body b u i l d  on bone mineral. The r e s u l t s  
i nd ica t ed  that  i n  smaller c h i l d r e n  there would be l i t t l e  
or  no d i f f e r e n c e  of bone mineral  con ten t  i f  body b u i l d  
w e r e  i d e n t i c a l  for the t w o  groups; i n  persons of larger 
body size there would be a group d i f f e r e n c e  and the Eskimos 
would h ~ v e  10 t o  15% greater bone mineral  con ten t  than  
the whi--kes (Table  6). Consequently the h igher  bone mineral  
con ten t  i n  E s k i m o  c h i l d r e n  seems no t  t o  merely reflect 
d i f f e r e n c e s  of body b u i l d  s i n c e  the d i f f e r e n c e  is a t  least 
p a r t i a l l y  ev iden t  for the hypo the t i ca l  case of  i d e n t i c a l  
body bui lds .  

Regression 

Regression ana lys i s ,  

I 

TABLE 6 
E s t i m a t e d  Bone Mineral Content For 

Children of Two Bodv S i z e s  

Weight 127 cm 152 c m  
S t a t u r e  25 kq 50 kq 

plIALEs ---- ESKIMO 0,518 0.869 
WHITE 0.505 0.746 
ESKIMO 0.548 0 , 819 
WHITE 0.582 0,734 FEMALES ---- 

T h i s  same a n a l y s i s  (TabEe 6) also shows that  sex 
d i f f e r e n c e s  i n  bone mineral  con ten t  are p a r t i a l l y  dependznt 
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on body size, Smaller females of both groups have a 
g rea t e r  mineral content  khan the corresponding males, 
bu t  with growth the s i t u a t i o n  is reversed and the males 
come to  have a grea te r  mineral content than the females, 

Disccssian and Conclusions 

The preliminary r e s u l t s  indicated t h a t  the bone 
mineral content  of the Eskimo sample w a s  similar to, or 
higher than the values  for corresponding age and sex 
groups of U, S, whites. B o t h  Eskimo a d u l t s  and chi ldren 
had a surpr i s ing ly  high mine ra l  content  r e l a t i v e  t o  their  
s m a l l  s tature, ,  T h i s  apparent "excess" of bone mineral i n  
the Eskimo may be explained by the g rea t e r  body weight, 
and heavier body build,  of the Eskimos compared t o  U. S. 
whites, 
s tandards for  the Eskimo shich take i n t o  account boby bui ld  
as w e 1 1  as age, Sex, and bone w i d t h ,  Establishment of 
such standards for the Eskimo may a i d  in the diagnosis of 
metabilic.. bone diseases. Even though the mineral content  of 
heal tky Eskimos is adequate, pathologies are not  absent, 
Two o2Ee.r subjec ts  of t h i s  inves t iga t ion  were dez in i t e ly  
osteoporot ic  and t w o  others showed s igns  of dirr,iz:iahed 
bone mineral content,  In addi t ion,  one subject  may have 
exhibited osteosclerosis. The completed analysis of the 
1968 Eskimo data w i l l  serve as a guidel ine for subsequent 
inves t iga t ions  i n  Eskimo communities, 

Larger samples w i l l  be needed to establish normative 
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IU~/PRELIMINARY NOTE 

9 9 m T ~  POINT SOURCE FOR TRANSMISSION SCANNING 

J. A. Sorenson, R. C. Briggs* and J.  R. Cameron, Ph.D. 

University of Wisconsin, Madison, Wisconsin 

Simultaneous transmission:emission scanning was 
introduced by Kuhl as an aid to accurate keying of 
the emission image to patient anatomy ( I ) .  The 
commonly used radiation sources for transmission 
scanning have been 1251 (27-keV x-rays, 60.day 
half-life) and 241Am (60-keV gamma rays, 460-yr 
half-life). Transmission imaging with the scintil- 
lation camera using 99mTc (140 keV gamma rays, 
6-hr half-life) as the transmission source was re- 
cently reported by Anger and McRae (2). The 
transmission source consisted of a uniform distri- 
bution of 99mTc solution covering the full field of 
view of the camera crystal. We have developed a 
technique for making point sources of 99mTc usable 
for transmission imaging in rectilinear scanning pro- 
cedures. 

MATERIALS AND METHODS 

The 99mT~ source activity is contained on a small 
column of ion-exchange resin (Dow 21K, 50-100 
mesh, J. T. Baker Chem. Co., Phillipsburg, N.J.) at 
the center of a lead and stainless-steel holder (Fig. 
1 ) . The holder is cylindrical with an outside diam- 
eter about 2.5 cm and length about 3.2 cm. The 
dimensions of the resin column are 3-mm dia x 
6-mm long. A piece of 150-mesh stainless-steel 

12za32dc 
Diaphragm - 0sammaa 

15O=Mesh Screen ’- 
a 

/- Resin Column B) 

Lead 

Rubber 

Stainless Steel 

b 

lz?zmc 
b2.5 cmj 

screen at each end of the column holds the resin 
in place. The chambers at the ends of the column 
and the column itself are sealed in an air-tight man- 
ner with rubber O-rings and diaphragms as shown 
in Fig. 1. 

The resin is activated by passing the eluate from 
a g9mT~ generator (from Squibb or Neisler) through 
the column. Radioactive solution is injected through 
the rubber diaphragm and into the chamber at one 
end of the column with a syringe and needle and 
is continuously withdrawn from the chamber at the 
opposite end with another syringe and needle or 
with a needle and flexible tubing cmnected to an 
evacuated collection vial. A 30-cc sample of 99mT~ 
solution passes through the column in about a min- 
ute when a 30-cc evacuated collection vial is used. 

Lead was used in the fabrication of the source 
holder to reduce radiation leakage through the sides 
of the holder. The lead pieces are press-fitted into 
the stainless-steel outer shell to maintain the air- 
tight seal. The remaining metal components are 
stainless steel to eliminate rusting. 

The construction of the source holder permits easy 
replacement of the rubber diaphragms, stainless-steel 
screens or the resin column itself, should this be nec- 
essary. A 99mT~ transmission source of the type de- 
scribed has been in use in our laboratory for about 
3 months. After about 20 activations it was neces- 
sary to replace the rubber diaphragms at each end 
of the source column, but it has not yet been nec- 
essary to replace any of the other components of the 
source or of its holder. 

The extraction efficiency of the resin column was 
determined at each activation of the source by meas- 
uring the activity of the 99mTc solution before and 
after passage through the resin column. The range 
was 35-65%, and typically it was about 50%. 
There was no systematic change in the efficiency 
with use. Passing the eluate through the column the 
second time increased the over-all efficiency to about 

FIG. 1. Cross-section view of 8 8 m ~ c  point source. Piece b fas- 
tens to piece a, and piece c fastens to b, each with three Allen- 
head screws on common diameter. 

Received Nov. 25, 1968; accepted Jan. 7, 1969. 
*Present address: Dept. of Radiology, Maine Medical 

Center, Portland, Maine. 04102. 

Reprinted from the JOURNAL OF NUCLEAR MEDICINE, 
May 1969, Volume 10, Number 5, pages 252 - 253. 
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75%. The efficiency could be increased by using a 
column with a larger resin volume. In an earlier 
version of the source the size of the resin column 
was %-in. dia X %-in. long, and the extraction 
efficiency was consistently 80-90%. The size of the 
column was subsequently made smaller to improve 
the resolution of transmission images. 

RESULTS 

Comparative transmission images of the skull were 
obtained with a 30-mCi ssmTc source and with a 
125-mCi 24iAm source on a conventional dual- 
headed rectilinear scanner ( Ohio-Nuclear Model 
54FD) (Fig. 2).  The source-detector separation was 
about 30 cm for both scans. A straight-bore colli- 
mator, 3-mm dia x 5@mm long, was used on the 
detector for the SSmTc scan. Transmitted counting 
rates averaged about 15,000 cpm through the skull. 
The 241Am source gave only about 1,000 cprn under 
the same conditions so the collimator aperture diam- 
eter was increased to about 6 mm for the 24iAm 
scan to give a more usable level of 4,000 cpm. The 
scanning speed was 250 cm/min for both scans, 
and the comparative information densities of the 
two scans were 100 counts/cm2 (241Am) and 400 
counts/cm2 (s9mTc). 

The information density of the ssmTc scan could 
be increased significantly by loading the source with 
more activity. Our present source was activated to 
70-mCi activity without difficulty. The activity of 
available 241Am sources is limited to about 125 mCi. 
This is an inherent limitation of the 241Am source 
material because of its low specific activity and high 
self-absorption of 60-keV gamma rays. 

The ssmT~ point source was also used to obtain 
good-quality transmission images of the chest. How- 
ever, attempts at outlining bony structures in the 
pelvis were not successful because of the low dif- 
ferential in absorption between bone and soft tissue. 
The usefulness of ssmTc as a transmission source 

thus appears to be best for outlining dense bones 
such as the skull and for outlining air spaces such as 
those in the chest. 

To use SSmTc as the transmission source in con- 
junction with ssmTc emission scanning it would be 
necessary to use a dual-headed scanner with oppos- 
ing detectors. A separate detector is required for 
each image since there would be no way of dis- 
tinguishing transmitted from emitted photons with 
a single detector. To obtain directly superimposable 
transmission and emission images with a dual-probe 
scanner, the transmission source would be placed 
directly over the center holes of the focusing colli- 
mator on the emission detector. This would require 
careful shielding of the emission detector from the 
transmission source. 

For this reason a 5-mm thick X 25-mm dia lead 
shield was made to be placed over one end of the 
transmission source. With this shield in place it was 
observed that the sSmT~ source could be placed di- 
rectly over the center holes of the emission-detector 
focusing collimator with a negligible increase in 
background counting rates. The focusing properties 
and efficiency of the collimator were somewhat dis- 
turbed in this arrangement with the efficiency of the 
collimated 5-in. dia emission detector being reduced 
by about 15%. The results suggest, however, that 
simultaneous transmission-emission scanning with 
somTc as the only source is possible on a dual-headed 
scanner. 
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DETECTION OF OSTEOPOROSIS BY MEASUREMENT OF 

MONOENERGETIC PHOTON ABS0 

E, L. Smith, S, W e  Babcock and J. Re Cameron 

One of t h e  common disorders of t h e  age ing  w h i t e  popu- 

l a t i o n  is osteoporosis. I t  is one of t h e  m o s t  e l u s i v e  

d i a g n o s t i c  problems f o r  t h e  p r e s e n t  day c l i n i c i a n .  Due 

t o  t h e  gradual. o n s e t  of t h e  c o n d i t i o n ,  i t  is d i f f i c u l t  t o  

diagnose a t  an  e a r l y  stage. Therefore t h e  presence of 

osteoporosis is o f t e n  no t  diagnosed u n t i l  t h e  spontaneous 

collapse of a v e r t e b r a  or f r a c t u r e  of t h e  femoral neck has 

occurred .  When spontaneous f r a c t u r e s  occur ,  t h e  borae m a s s  

may be 40 t o  50% less than  t h a t  p r e s e n t  a t  age t h i r t y .  

Spontaneous f r a c t u r e s  r e q u i r e  bed rest and immobil izat ion 

which i n c r e a s e s  t h e  bone mine ra l  loss  rate.  The g r e a t e r  

l ongev i ty  of t h e  human popu la t ion ,  s u g g e s t s  t h a t  o s t e o p o r o s i s  

w i l l  be an i n c r e a s i n g  medical problem. 

Using p r e s e n t  r a d i o g r a p h i c  t echn iques ,  o s t e o p o r o s i s  is 

observed f r e q u e n t l y  i n  postmenopausal women. Therefore, 

a hormonal decrease is be ing  i n v e s t i g a t e d  by a number of 

l a b o r a t o r i e s  as  a possible cause  of osteoporosis i n  post- 

menopausal women. k t  t h e  p r e s e n t  t i m e  l i t t l e  d e f i n i t e  ev idence  

is p r e s e n t  t o  demonstrate  changes of human osteoporotic bone 

metabolism when either e s t r o g e n  or androgen is given.  Davis (5) 

and associates have shown some evidence us ing  t h e  Cameron and 

Sorenson photon a b s o r p t i o n  method (4,12) t h a t  osteoporosis 

i n  females is retarded by e x t r o g e n i c  replacement the rapy .  

The therapy group showed less bone loss thah  t h e  c o n t r o l  group 
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i n  t h e  first par t  of t h e  s t u d y ,  Later t h e  bone loss  of 

t h e  t h e r a p y  group paralleled t h e  c o n t r o l  group. 

I n  a review ar t ic le ,  Nordine (10) i n d i c a t e s  t h a t  

calcium d e f i c i e n c y  over  a long  period.of t i m e  w i l l  cause  

osteoporosis. Rats  on calcium d e f i c i e n t  d ie t s  w i t h  adequate  

supply of Vitamin D have been shown t o  develop osteoporosis. 

T h i s  t y p e  of calcium d e f i c i e n t  induced osteoporosis cannot  

rea l ly  be compared w i t h  t ha t  found i n  man. Garn demonstrated 

t h a t  t h e  q u a n t i t y  of calcium i n  t h e  d i e t  has  l i t t l e  or no 

effect  on t h e  development of osteoporosis i n  man. The problem 

of osteoporosis is appa ren t ly  widespread as  seen  i n  similar 

p a t t e r n s  of bone loss i n  E l  Sa lvador ,  Guatemala, and t h e  
r’ 

United States (7). 

Another possible cause  of osteoporosis is immobiliza- 

t i o n  ( 8 ) .  I t  has been demonstrated numerous t i m e s  t h a t  bed 

rest and l i m b  immobil izat ion w i l l  cause  d i s u s e  osteoporosis, 

w h i l e  p h y s i c a l  a c t i v i t y  may a i d  i n  bone maintenance and 

m i n e r a l i z a t i o n .  Smith and Fe l t s  (11) found t h a t  mice e x e r c i s e d  

on a treadmill had s t r o n g e r  bone s t r u c t u r e s  w i t h  i n c r e a s e d  

o rgan ic  and i n o r g a n i c  components compared t o  non-exercised 

c o n t r o l  animals.  

METHODS 

F i f t y  c l i n i c a l l y  osteoporotic women from t h e  ages of 

52-97 were selected as  a s tudy  group. The cr i ter ia  used t o  

d e f i n e  c l i n i c a l  osteoporosis were; a spontaneous f r a c t u r e  

of t h e  femoral neck and/or collapsed ve r t eb ra .  These women 

were compared t o  50 age matched c o n t r o l s .  
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I n  t h e  c o n t r o l  group there w a s  no medical h i s t o r y  of 

c h r o n i c  endocr ine ,  r e n a l ,  pulmonary or h e p a t i c  disease, 

conges t ive  heart  f a i l u r e ,  r ad io the rapy  t r ea tmen t ,  metabolic 

calcium or phosphorus disorders, or prolonged bed rest. 

The midshaft  of t h e  r a d i u s  of t h e  100 women w a s  measured 

w i t h  t h e  monochromatic photon a b s o r p t i o n  technique which  has 

been described i n  earlier papers (4,12). The amount of 

minera l  i n  t h e  bone a t  t h e  scanning  s i t e  was ob ta ined  by 

measuring t h e  d i f f e r e n c e  between t h e  photon a b s o r p t i o n  of 

t h e  bone and so f t  t i s s u e .  The amount of mine ra l  i n  bone 

(gm/cm)  a t  t h e  scanning  s i te  can  then  be determined w i t h  an  

accuracy and p r e c i s i o n  a t  t h e  2% l e v e l .  The estimated v a l u e s  
I 

ob ta ined  showed a c o r r e l a t i o n  of .99 w i t h  t h e  a c t u a l  mine ra l  

p r e s e n t  i n  bone when ashed a t  60OoC. for  72 hours  (4).  

RESULTS 

The mean r a d i u s  bone mine ra l  c o n t e n t  of t h e  osteoporotic 

p a t i e n t s  w a s  s i g n i f i c a n t l y  lower than  t h a t  of t h e  c o n t r o l  

group as  i n d i c a t e d  by a paired t - tes t ,  t = 5.54 (Table I ) .  

The bone wid th  of t h e  t w o  groups showed no s i g n i f i c a n t  

d i f f e r e n c e s  (Table 11). The mean r a t io  of bone mine ra l  d iv ided  

by t h e  wid th  of t h e  o s t e o p o r o t i c  p a t i e n t s  w a s  s i g n i f i c a n t l y  

lower t h a n  t h a t  of t h e  c o n t r o l  group, t = 5.11 (Table 11). 

Discriminant  a n a l y s i s  showed t h a t  74% of t h e  c o n t r o l  s u b j e c t s  

were above, and YS% of t h e  osteoporotic p a t i e n t s  were below 

a bone mine ra l  d i s c r i m i n a n t  va lue  of 0,68 g/cm (Fig. 1) 

(Table IV), Discr iminant  a n a l y s i s  a l so  showed t h a t  70% of 

t h e  c o n t r o l  s u b j e c t s  were above, and '76% of t h e  osteoporotic 
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p a t i e n t s  were below a bone mineral /width r a t i o  d i sc r iminan t  

va lue  of 0.55 g/cm (Fig. 2) (Table V).  2 

An a n a l y s i s  of these data i n d i c a t e  t h a t  u s ing  a discr imi-  

nant  va lue  of 0.68 g/cm for bone mine ra l ,  t h e  d i a g n o s t i c  accuracy 

would be ?6% u s i n g  t h e  d e f i n i t i o n  of osteoporosis g iven  above, 

If a bone mineral /width d i sc r iminan t  of 0.55 gm/cm2 is used, 

t h e  photon a b s o r p t i o n  technique  would be correct 73% of t h e  

t i m e  on t h e  same basis as  above. A d i f f e r e n t  c r i te r ia  for 

t h e  d i a g n o s i s  of osteopsrosis would of cour se  change these 

f i g u r e s .  

DISCUSSION 
~ ~ -~ 

# 

A q u a n t i t a t i v e  technique is needed fo r  r a p i d  scanning  

of large groups of people t o  a i d  i n  early d e t e c t i o n  of osteo- 

porosis. Such a technique  should  become as much a par t  of 

t h e  s e n i o r  c i t i z e n ' s  p h y s i c a l  h e a l t h  maintenance a s  a r e g u l a r  

medical examinat ion.  

W i t h  t h e  i n c r e a s i n g  mechanizat ion of our  environment,  

w e  are becoming p h y s i c a l l y  i n a c t i v e .  Disuse of t h e  human 

body over  a per iod years may be a par t  of t h e  unknown e t io-  

logical  factor of o s t e o p o r o s i s ,  

How should  o s t e o p o r o s i s  be def ined?  Too o f t e n  t h e  t e r m  

o s t e o p o r o s i s  has  been de f ined  and r e d e f i n e d  t o  t h o  p o i n t  

where confus ion  rests w i t h  t h e  use of t h e  word. Many c l i n i -  

c i a l s d e f i n e  i t  as a disease or a syndrome. If one c o n f i n e s  

t h e  word t o  mean porous bone, i t  is n e i t h e r  a d i s e a s e  or a 

syndrome; but  r a t h e r  a cond i t ion .  The word osteoporosis 

itself refers t o  porous bone where t h e  bone t h a t  is p r e s e n t  

r e v e a l s  t h e  same ba lance  of phosphorus and calcium as  other  
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bone and seems t o  show no biological a b n o r m a l i t i e s  i n  t h e  

organism o ther  than  too l i t t l e  bone. The bone mine ra l  loss  

is p r i m a r i l y  from t h e  e n d o s t e a l  s u r f a c e  of the  bone i n  t h e  

d i aphys i s  t h u s  reducing  t h e  c o r t i c a l  t h i c k n e s s  02 t h e  bone. 

While there is some i n c r e a s e  i n  po ros i ty ,  t h e  primary cause 

of bone weakness i n  o s t e o p o r o s i s  is due t o  t h i n n i n g  of t h e  

co r t ex .  I n  the  metaphysis  t h e  c a n c e l l o u s  bone is a l s o  grea t ly  

reduced weakening its s t r u c t u r a l  suppor t .  There  are three 

main c l a s s i f i c a t i o n s  of bone condit . ion: 

1) Non-osteoporotic or normal bone, 

2) Geronto logica l  ( s e n i l e )  osteoporosis where fjor 
r easons  y e t  unknown, bone loss occur s  w i t h  i n c r e a s i n g  
age; and 

3) Pathological o s t e o p o r o s i s  i n  which there is advanced 
bone loss t o  t h e  p o i n t  where spontaneous f r a c t u r e s  
occur .  

The t w o  terms Geron to log ica l  and P a t h o l o g i c a l  osteoporosis 

may both be cons ide red  t o  d e v i a t e  from t h e  normal process of 

homeostasis where t h e  rate of bone format ion  e q u a l s  t h e  r a t e  

of bone r e s o r p t i o n .  

The data from t h i s  s tudy  i n d i c a t e s  t h e  u s e f u l n e s s  of t h e  

monoenergetic photon a b s o r p t i o n  technique  as an a i d  i n  t h e  

d i a g n o s i s  of p a t h o l o g i c a l  osteoporosis and g e r o n t o l o g i c a l  

osteoporosis. The a b i l i t y  t o  separate '76% of t h e  osteoporotics 

from t h e  c o n t r o l  group demonst ra tes  t h e  d i s c r i m i n a n t  va lue  of 

t h e  sys t em.  I t  is necessary  t o  emphasize t h a t  t h e  age matched 

c o n t r o l  group was randomly picked from a larger group of women 

no t  showing c l i n i c a l  symptoms of osteoporosis, b u t  these women 

do i n  fact  have less bone mine ra l  when compared t o  younger 
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females. Those i n  t h e  c o n t r o l  group who o v e r l a p  t h e  osteo- 

porotic group g i v e  c a u s e  for  conce rn .  T h e i r  bone m i n e r a l  

c o n t e n t  i n d i c a t e s  t h a t  t h e  s k e l e t a l  s y s t e m  shows bone l o s s  

t o  s u c h  a n  e x t e n t  t h a t  t h e y  may be c o n s i d e r e d  more f r a c t u r e  

prone.  I n  a separate  s t u d y  30 tfnormal" s u b j e c t s  were found 

w i t h  bone m i n e r a l  below t h e  d i s c r i m i n a n t  v a l u e  of 0.68 gm/cm. 

Between t h e  first measurement and one t a k e n  s i x  months l a t e r ,  

f o u r  of these women broke bones,  three were h i p  f r a c t u r e s  

and one  was t h e  proximal head of t h e  humerus. The c r i t e r i a  

used for  d e f i n i n g  osteoporosis i n  t h i s  s t u d y  a r e  n o t  c l e a r l y  

s a t i s f a c t o r y .  We would l i k e  t o  s u g g e s t  u s e  of t h e  photon  

a b s o r p t i o n  d i s c r i m i n a n t  of 0.68 gm/cm a t  t h e  midsha f t  of t h e  

r a d i u s  i n  c o n j u n c t i o n  w i t h  o ther  c l i n i c a l  c o n d i t i o n s  a s  a n  

e a r l y  and more d e f i n i t i v e  d i a g n o s i s  of osteoporosis. 

I 
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